Numerical and experimental study of concrete structures exposed to impact and fire by Ruta, Daniela
 Numerical and experimental study of concrete structures 
exposed to impact and fire 
 
 
Von der Fakultät Bau- und Umweltingenieurwissenschaften 
der Universität Stuttgart zur Erlagung der Würde  
eines Doktor-Ingenieurs (Dr.-Ing.) 
genehmigte Abhandlung 
 
 
 
Vorgelegt von 
Daniela Ruta 
aus Rom, Italien 
 
 
 
Hauptberichter: Prof. Dr.-Ing. habil. Joško Ožbolt 
Mitberichter: Prof. Dr.-Ing. Marco di Prisco 
Mitberichter: Prof. Dr.-Ing. Jan Hofmann 
 
 
 
Tag der mündlichen Prüfung: 07.02.2018 
 
Institut für Werkstoffe im Bauwesen der Universität Stuttgart 
2018 
 
 
 Numerical and experimental study of concrete structures exposed to impact and fire  
 
 
 
 
ACKNOWLEDGEMNTS 
 
Completion of this doctoral dissertation could not be possible without the support of 
several people. I would like to express my sincere gratitude to all of them.  
First of all, I am extremely grateful to to my advisor Prof. Ožbolt who offered his 
continuous advice and encouragement throughout the course of this thesis. Without his 
assistance and dedicated involvement in every step throughout the process, this work 
would have never been accomplished. I would like to thank you very much for your 
support, patience and understanding over these past years. 
I would like to express my gratitude to the members of my PhD committee: Prof. Marco di 
Prisco and Prof. Jan Hofmann for their interest, time and helpful comments. 
I express my greatest appreciation to all my colleagues to have contributed to my personal 
and professional time at IWB. The group has been a source of friendships as well as good 
advice and collaboration.  
I am especially grateful to Dr. Josipa Bosnjak, Dr. Filip Orsanic and Dr. Marina Stipetic 
for the moments spent together, for the laughs during the lunch breaks and coffee pauses, 
for the precious help and tips received, especially at the beginning of my coming here in 
Stuttgart when everything was new and difficult. I gained a lot from them, through their 
personal and working interactions. 
My special regards to Dr. Serena Gambarelli who was always ready to give her timely 
help whenever required, trying to solve every kind of working and personal problems, 
going through hard times together. 
I am grateful to Prof. Akanshu Sharma for the interesting discussions and valuable 
suggestions, as well as for his constant encouragement given during my Ph.D study. 
Dr. Baris Irhan was always ready to provide a valid solution when something was not 
perfectly working with the code. He spent time and energy giving me assistance and 
introducing me in the “world of dynamics”, his support was a powerful help for me. 
Great appreciation goes to Kaipei Tian, Natalja Bede, Vinay Mahadik and Hitesh Lakhani; 
they have always done their best to render whatever service they could and I thank them 
for that. 
I would like to express my gratitude to Silvia Choynacki for her continuous support; she 
always gave me constructive comments and warm encouragement, without her eﬀorts my 
time spent at IWB would have been much more difficult. 
Special thanks also to Monika Werner for all the papers and books that she found for me, 
due to her kindness and hurry I felt always free to ask. 
I am grateful to our administrative group (Simone Stumpp, Gisela Baur, Regina Jäger, 
Olga Weber) who kept us organized and was always ready to help. 
I am particularly grateful for the assistance given by Uwe Mayer and Katrin Allmendinger 
(MPA Stuttgart) during the experimental tests on plain concrete Compact Tension 
Specimen carried out in my Ph.D. study. I also truly appreciate the work done by the staff 
 
Aknowledgments 
 
 
 
 
of the Bhabha Atomic Research centre (BARC) to perform the experimental investigations 
on reinforced concrete structures studied in my thesis. 
The project of simulating extreme loading conditions in reinforced concrete was funded by 
the German Research Foundation DFG. Their support is greatly acknowledged. 
Most importantly, none of this could have happened without the presence of my family. 
Even if physically far, they were always with us and their constant, unconditional love and 
encouragement gave me the force and patience to bring to an end this long travel. 
I owe thanks to a very special person, my husband, Emiliano for his continued and 
unfailing love. He shared with me every day, every hour of the entire trip and only his 
presence, support and understanding could make the completion of my thesis possible.  
I am particularly thankful to our son, Flavio, for giving me continuously happiness, joy 
and lightheartedness and for being the ultimate reason for concluding this project.  
 
Stuttgart, 05.02.2018 
 
 
 
 
 Numerical and experimental study of concrete structures exposed to impact and fire 
 
 
 
 
ABSTRACT 
During their service life concrete and reinforced concrete structures may be exposed to 
extreme loading conditions such as fire, explosions, impact, earthquakes and terroristic 
attacks. In particular situations, as in case of chemical industries where the probabilities of 
explosions are relatively high, combination of extreme loadings represents a major risk. 
To assure safety conditions in terms of cost and lives losses for the involved structure as 
well as for the surrounding buildings, it is important to take into account the effect of 
multi-hazard phenomena.  
It is well known that concrete behaviour in case of high loading rates differs 
significantly from that observed under quasi-static condition. Moreover, high thermal 
exposure causes internal structure distributed micro-cracks and chemical changes in 
concrete, which yield to a global degradation of the original material properties. Fire 
exposure deteriorates not only the concrete strength, but significantly influences the strain 
rate effects as well as the concrete dynamic resistance and crack propagation.  
The aim of this work is to study the dynamic concrete behaviour after thermal exposure 
analyzing the change of the material state and structural response, by means of 
experimental tests and numerical analysis. In the literature, few studies can be found on 
the behaviour of concrete and RC structures subjected to coupled thermal and dynamic 
loads. The results of the study are also useful to extend the experimental and numerical 
database available in the literature. 
Experimental tests on fire exposed plain concrete (compact tension specimen) and full 
scale reinforced concrete structures (slabs and frames) under high loading rates are 
presented and discussed. The effects of different thermal exposures and loading rates are 
studied. The experimental results confirmed the strong influence of the exposure 
conditions on the dynamic concrete properties. In particular, it is observed that with the 
increase of the temperature the increase of resistence due to the loading rate decreases, i.e. 
the concrete becomes brittle and its strain sensitivity decreases. 
Moreover, to investigate whether the employed rate sensitive thermo-mechanical model 
is able to realistically predict the behavior of reinforced concrete structures under thermal 
and dynamic load, the experimental tests are numerically analyzed, and the results 
compared and discussed. Additional finite element simulations are carried out to 
investigate the RC structural behavior under impact, in case of residual and hot state.  
The FE analyses confirmed the experimental results, highlighting the strong effect of 
damage due to fire exposure of concrete and RC structures. It is demonstrated that the 
employed thermo-mechanical model can realistically predict the experimental results and 
the response of thermally damaged RC structures under high loading rates. 
 
 
 
 
 Abstract 
 
 
 
 
KURZFASSUNG 
Während ihrer Nutzungsdauer können Beton- und Stahlbetonkonstruktionen extremen 
Belastungen wie Feuer, Explosionen, Stößen, Erdbeben und terroristischen Angriffen 
ausgesetzt sein. Insbesondere in Situationen, in denen die Explosionswahrscheinlichkeiten 
relativ hoch sind wie z.B. in der chemischen Industrie, stellt die Kombination von 
extremen Belastungen ein großes Risiko dar. Um die Sicherheitsbedingungen in  Bezug 
auf Kosten und Personenschäden für ein Bauwerk und die umliegenden Gebäude 
sicherzustellen, ist es wichtig die Auswirkungen von „Multi-Hazard-Phänomenen“ zu 
berücksichtigen. 
Es ist bekannt, dass sich das Betonverhalten bei hohen Laststeigerungen von dem unter 
quasistatischen Bedingungen deutlich unterscheidet. Darüber hinaus verursachen hohe 
thermische Belastungen Mikrorisse und chemische Veränderungen im Beton des gesamten 
Bauwerks, die zu einer allgemeinen Verschlechterung der ursprünglichen 
Materialeigenschaften führen. Die Brandbelastung verschlechtert nicht nur die 
Betonfestigkeit, sondern beeinflusst auch erheblich die Dehnrateneffekte sowie den 
dynamischen Widerstand und die Rissausbreitung. 
Das Ziel dieser Arbeit ist es, das dynamische Betonverhalten nach thermischer 
Belastung und dabei vor allem die Veränderungen des Materialzustandes und des 
Tragverhaltens des Bauwerks mit Hilfe von  experimenteller Tests und numerischer 
Untersuchungen zu analysieren. In der Literatur finden sich wenige Studien über das 
Verhalten von Beton- und Stahlbetonkonstruktionen, die gekoppelten thermischen und 
dynamischen Belastungen ausgesetzt sind. Die Ergebnisse dieser Arbeit stellen daher eine 
wertvolle Ergänzung zu den experimentellen und numerischen Daten in der Literatur dar. 
Es werden experimentelle Versuche an unbewehrten (kompakte Spannproben) und 
bewehrten Betonbauteilen (Brammen und Rahmen) unter Brandbelastung und hohen 
Laststeigerungen vorgestellt und diskutiert. Die Auswirkungen unterschiedlicher 
thermischer Belastungen und Laststeigerungen werden untersucht. Die experimentellen 
Ergebnisse bestätigten den starken Einfluss der thermischen Expositionsbedingungen auf 
die dynamischen Betoneigenschaften. Insbesondere wird beobachtet, dass mit der 
Zunahme der Temperatur die Zunahme der Resistenz aufgrund der Laststeigerung 
abnimmt, d.h. der Beton spröde wird und seine Dehnungsempfindlichkeit abnimmt. 
Um zu untersuchen, ob das verwendete lastabhängige  thermomechanische Modell in 
der Lage ist, das Verhalten von Stahlbetonkonstruktionen unter thermischer und 
dynamischer Belastung realistisch vorherzusagen, werden die experimentellen Tests 
numerisch analysiert und die Ergebnisse verglichen und diskutiert. Zusätzliche Finite-
Elemente-Simulationen wurden durchgeführt, um das Verhalten von 
Stahlbetonkonstruktionen bei Aufprall, bei abgekühltem Zustand und Heißzustand zu 
untersuchen. Die FE-Analysen bestätigten die experimentellen Ergebnisse und 
unterstrichen die starke Schädigungswirkung durch Brandbelastung von Beton- und 
Stahlbetonkonstruktionen. Es wird gezeigt, dass das verwendete thermomechanische 
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Modell die experimentellen Ergebnisse und die Reaktion von thermisch geschädigten 
Stahlbetonkonstruktionen unter hohen Laststeigerungen realistisch vorhersagen kann. 
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1. INTRODUCTION 
 
1.1 Problem description and motivation 
In recent years the exposure of  structures under strong dynamic events such as terrorist 
attack, blast waves, earthquakes, industrial accidents, etc. is becoming more relevant. 
These types of events, characterized by high loading rates, very often are accompanied 
with fire outbreak and its propagation exposing structures to extremely hard conditions. 
The coupling of the two extreme thermo-dynamic loading may bring to a severe and very 
fast degradation of mechanical and physical material properties, as well as to an 
immediate failure of structural elements. 
In order to minimize the effect of such events, it is important to analyze and understand 
the behaviour of the employed structural material. However, the reinforced concrete 
structural behaviour under thermal exposure and subsequent dynamic loading is still an 
intensive discussed topic in the field of civil engineering. In the last years many 
researchers have studied dynamic and thermal behaviour of concrete separately. In the 
literature, a large number of studies can be found for concrete loaded under a relative high 
range of strain loading rates at room temperature and even more on thermal degradation or 
thermal effects on concrete structural elements. However there is almost no research when 
the two problems are coupled together. 
For dynamic loading conditions it is fundamental to understand the importance of the 
rate dependency on the structural response, resistance and failure mode of concrete 
structures. An increase in loading rate yields to an increase of resistance and to a change in 
the failure mode.  
It is well known that during the fire exposure of concrete a significant variation of 
physical and mechanical properties is recorded. The entity of the variation is function of 
many factors: concrete strength, porosity, heating rates which, under particular conditions, 
can also provoke spalling phenomena with cover explosion and ejection of big/small 
pieces from the concrete surface.  
During the mentioned extreme conditions these two loading effects are very often 
coupled together, e.g. the collision of a vehicle with a column (dynamic high strain rate) is 
frequently followed by the vehicle explosion; or during terroristic attacks, sadly well 
known in the last years, a fire scenario can develop during a blast explosion or a missile 
impact. 
From the analysis of many of the terroristic tragedies occurred in the last years, the 
conclusions drawn out that the interaction between fire scenarios and impact is 
fundamental to determine the real damage entity and the progression of the building 
collapse. From the results of the studies (W.G. Corley, 2004; Bažant et al., 2002) 
conducted on the attack of the New York´s World Trade Center it was clear that the 
collapse of the structures was not directly caused only by the impact of the aircraft itself, 
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but rather by the combination of the impact and the following fire development due to the 
ignition of the fuel distributed over the impact area (Figure 1.1). 
 
Figure 1.1 New York´s World Trade Center disaster, collision of the second plane (website: 
https://iconicphotos.files.wordpress.com) 
The importance of the combination of these two effects can be noticed also analyzing 
the accidents in industrial processes (F.I. Khan et al, 1998). Especially referring to 
chemical process industries, the risk of a multi-accident event, also called “domino 
effects”, is very high and has to be considered during the building safety evaluation. 
In these situations the fire propagation induced by uncontrolled oxidation of chemicals can 
cause explosion of the nearby units. Due to the sudden and violent release of energy, 
shock or blast waves are produced and pipes or container´s walls are destroyed into pieces, 
which are launched outwards like missiles by the explosion. The initial velocity of the 
fragments is a function of the energy transferred during the blast and the entity of damage 
caused by their impact against the building structural elements has to be evaluated on the 
base of the other correlated events, such as the duration and the time exposure of the 
previous fire scenario. 
In these cases the material resistance before the impact cannot be considered as 
undamaged, but has to be analyzed first under the thermal point of view and then 
subjected to the high loading rate. In such a way the degradation of the mechanical and 
physical material properties can be determined to identify the real structural resistance and 
integrity. 
In case of concrete structures, the identification of the after-fire material properties is 
more complex than for other materials. Concrete behaviour under high temperature levels 
is known to be quite complex, since different types of physical and chemical changes take 
place in the main concrete constituents, i.e. cement paste, aggregates and pore water. 
Furthermore, the heterogeneous concrete nature leads to different thermal expansions and 
shrinkage between aggregates and cement paste. All these phenomena are responsible for 
the strong deterioration of concrete, which can be easily tracked analyzing the mechanical 
properties with the increase of the temperature exposure. Moreover, the rise of concrete 
deterioration and the accumulation of thermal deformations are influenced by many other 
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effects which include moisture loss, heating and cooling rates, time exposure, maximum 
temperature achieved, possible external applied load, etc. 
 
1.2 Scope and objectives of research 
The aim of this research is to study the dynamic concrete behaviour after thermal 
exposure analyzing the change in the material properties and in failure modes, from both 
experimental and numerical point of view. 
In collaboration with the MPA Institute (University of Stuttgart) and the Bhabha 
Atomic Research Centre (Mumbai), several experimental tests on plain concrete 
specimens and full scale reinforced concrete structures have been carried out. Since very 
few tests are available in the literature referring to the coupled thermal and dynamic load, 
especially in the case of reinforced concrete structure, the research can be also seen as an 
extension of the experimental database available in the literature.  
Furthermore, selected experiments have been modeled and analyzed using 3D finite 
element codes to investigate whether the employed rate sensitive thermo-mechanical 
model is able to realistically predict the thermo-dynamic behavior of reinforced concrete 
structures, in order to validate a powerful tool, which can be effectively used to study 
different structural types in the case of the above mentioned coupled actions.  Moreover, 
additional finite element simulations have been performed also to investigate and compare 
the RC structural behavior under impact in residual and hot conditions. 
The main objectives of the here presented work can be summarized as follows: 
1. Investigate the coupled thermal and dynamic loading effects on concrete and 
reinforced concrete structures from the experimental and numerical point of view. 
 
2. Validate the rate sensitive thermo-mechanical model employed in the finite element 
numerical study carried out using the FE code MASA. 
 
3. Verify the capacities of the Contact Impact and Fragmentation (CIF) FE code 
employed in the finite element numerical simulations of impact and fragmentation 
events. 
 
4. Investigate the importance of taking into account the effects of thermal exposure of 
concrete for the estimation of real structural capacity. 
 
5. Improve and extend the experimental database available in the literature for the 
coupled actions of fire exposure and dynamic loading on plain and reinforced 
concrete. 
 
6. Experimentally and numerically investigate the rate sensitivity and inertia effects on 
plain concrete under dynamic loading at different levels of prior fire exposure. 
 
7. Investigate and compare the RC structural behavior under impact loading in case of 
residual and hot conditions. 
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8. Improve the existing microplane model for dominant tensile load and demonstrate 
that the used rate sensitive mechanical model, based on the crack band 
regularization method, is not dependent on the employed finite elements size. 
 
1.3 Overview of the global research 
Chapter 1 provides the main information related to the context of the here discussed 
topics, giving a general problem description and motivation. Additionally, the main aim of 
the study is discussed and the focused objectives of research are presented. 
Chapter 2 summarizes the state of the art of the problem. Since the analysis can be 
divided in two different topics, concerning the concrete thermal exposure and dynamic 
load application, the literature review is split in three sections: (i) concrete behaviour at 
high temperature, (ii) concrete behaviour at high loading rates and (iii) concrete dynamic 
behaviour after fire exposure. In each section the main key points necessary to understand 
the concrete attitudes under that specified action are highlighted and explained in detail, 
referring to previous studies and experimental evidence. 
Chapter 3 presents the experimental program, mainly carried out at the MPA Institute 
(University of Stuttgart), on plain compact tension specimen under static and dynamic 
loading after two levels of fire exposure. The loading phases, the test setup, the employed 
instrumentations and the experimental results are documented and discussed.  
Chapter 4 presents the experimental investigations on reinforced concrete structures 
carried out at Bhabha Atomic Research Centre (Mumbai, India). The tests focus on the 
understanding the behaviour of reinforced concrete fire damaged structures under impact 
loading. In this context, two types of RC structures (two RC slabs with two different 
thicknesses and one RC frame) have been firstly exposed to high temperature and then 
impacted with the help of a steel punch (slabs) or a steel pendulum (frame). Moreover, 
additional impact tests on undamaged RC slab are also carried out and discussed. For each 
case, the experimental setup, the employed instrumentation and the obtained results, for 
both thermal and impact tests, are presented and discussed. 
Chapter 5 provides details regarding the concrete model used for the rate sensitive 
thermo-mechanical 3D finite element analyses presented in the further sections. For the 
numerical investigations, two non-commercial finite element codes (MASA and CIF) have 
been employed. In this section, a brief description of the main features of the above 
mentioned codes is provided. Additionally, an overview of the base implemented 
algorithms is also given. 
Chapter 6 provides an additional study carried out to validate and verify the employed 
rate sensitive thermo-mechanical model, based on the crack method regularization 
scheme, in terms of results objectivity with respect to the mesh size.  Static and dynamic 
analyses on the compact tension specimen tests realized by Ožbolt et al. (2011) are 
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performed using different model discretizations based on two types of standard finite 
elements (4-nodes and 8-nodes linear strain elements) and three different elements sizes 
(coarse, medium and fine). 
Chapter 7 presents the results of the numerical simulations on plain compact tension 
specimen performed using the FE code MASA. The experiments described in the third 
chapter are here numerically analyzed under the application of coupled thermo-dynamic 
load. Information related to the numerical model (discretization, loading and boundary 
conditions, material properties, etc.) are given. Discussion and comments of the effects of 
the dynamic loading after fire exposure are discussed as well.  
In Chapter 8 the numerical analyses carried out to investigate the model prediction 
capabilities of the reinforced concrete structural behavior under impact and fire are 
presented. Similar as in chapter 6, in this section the experimental investigations on RC 
slabs and frame are numerically simulated and discussed. Three different RC slabs (two 
thicknesses) under different thermal and impact conditions are modeled and analyzed. The 
results are then compared and discussed in terms of punch penetration velocity, failure 
mode, cracks propagation and displacements. Same study is carried out for the reinforced 
concrete frame. Moreover, for the frame structure, additional parametric studies are 
presented to compare the impact effects in case of hot or residual conditions. 
Chapter 9 includes summary and conclusions of this study, accompanied by 
recommendations and suggestions for the future research. 
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2. LITERATURE REVIEW 
 
2.1 Concrete at high temperature   
The capacity of a building or structural element can be defined in terms of fire 
resistance, which is the period in that the structural member shows resistance in terms of 
stability and structural integrity. This concept can be used referring to the whole structure, 
but also to the properties of a single material, which in turn influences the performance of 
the element of which it is a part. Hence, to understand how the structure behaves under 
high temperature exposure, as a first step it is essential to understand the behaviour of 
concrete under elevated temperature. Fire exposure is one of the most severe conditions 
for concrete and it leads to degradation of the resistance and stiffness, i.e. to a global 
change in the behaviour.  
 
2.1.1 Fire scenarios 
In order to investigate the effect of thermal exposure and to validate the resistance of 
the structure, it is necessary to represent the real fire action in a schematic way. For this 
reason the temperature-time curves are adopted. Design fire curves are all expressed as 
temperature-time (T-t) curves and are mainly based on the results of the Eureka tests, ISO-
curves, Eurocode curves, Hydrocarbon curves and Rijakswaterstaat curve (ISO834, 
Eurocode1, Rijkswaterstaat: Ministry of Transport in the Netherlands). They differentiate 
each other on the concept of fire severity, which can be assumed as a measure of the 
intensity of the fire exposure. Since they schematize the behaviour of different possible 
fire scenarios and refer to the temperature of the gas that the structure is exposed to 
(function of the fire load (fuel) type and quantity), the initial slope, maximum temperature 
and time of heating is different for each curve (Figure 2.1). 
  
 (a)  (b) 
Figure 2.1 Standard temperature-fire curves: (a) global, (b) initial temperature rise (first 30 
minutes). 
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In general, the standard temperature-time curves can be divided in three groups on the 
base of their main application fields (buildings, offshore/petrochemical, tunnels) (Khoury, 
2000).  
ISO834 
The standard ISO834 curve is the most frequently used curve in designing and 
analyzing structural elements and buildings. It is also known as Cellulosic curve since the 
main fire source is assumed to be paper, wood, fabric, etc. The initial slope is very high 
with an increase from 20 to 671°C in the first 10 minutes. After one hour the temperature 
of 945°C is reached. The temperature-time increase T(t) (in °C) is represented with the 
following equation:  
0 10( ) 345log (8 1)T t T t       (2.1) 
where T0 corresponds to the room temperature, generally assumed equal to 20 °C and t 
corresponds to time in minutes. 
Hydrocarbon (HC) curve 
The HC curve is an alternative temperature-time representation adopted in particular 
case. In fact, when the fire develops in offshore and petrochemical industries, the 
maximum temperature reaches much higher level due to the different source fuel. In these 
cases petrol, gas, chemicals are involved in the combustion and the thermal rise is also 
much faster than in the case of cellulosic material burning, i.e. in the first 10 minutes the 
temperature achieves almost 1100 °C.  
The temperature trend of the Hydrocarbon (HC) fire curve is defined by the following 
equation:  
0.167 2.5
0( ) 1080(1 0.325 0.675 )
t tT t T e e         (2.2) 
External fire curve 
In addition to the ISO834 and the HC curve, in the Eurocode 1 the external fire curve is 
described. This curve schematizes the behaviour of structural members in a façade 
external to the main structure and it reads:  
0.32 3.8
0( ) 660(1 0.687 0.313 )
t tT t T e e         (2.3) 
RWS curve 
From the analysis of many disasters, it was pointed out that tunnel fires exhibit much 
stronger fire scenarios than those expressed in the standardized curves. For this reason, in 
the Netherlands, a new fire curve for the evaluation of tunnel protecting materials has been 
defined. In this curve the temperature rises very quickly, reaching 1200°C in the first 10 
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minutes with a further increase up to 1350 °C (melting point of concrete). These high 
temperatures are kept constant for 120 minutes simulating fire load of 300 MW lasting up 
to 120 minutes (a 50 m
3
 fuel, petrol or oil tanker fire). The main difference between the 
RWS and the HC curve is that the latter describes the temperatures that would be expected 
from a fire occurring in a relatively open space, where in addition a dissipation of the heat 
would occur. In the RWS curve, it is assumed that the temperature field develops in a 
closed space (tunnels), where the dissipation of heat is prevented, hence the structure is 
exposed to higher temperature. 
RABT curve 
The RABT curve is a fire curve developed in Germany after a series of programmed 
tests (Eureka project). It represents a less severe tunnel fire scenario in comparison with 
the RWS curve. The rise in temperature is very rapid and after reaching 1200 °C (melting 
point of some aggregates) it remains constant for about one hour before decreasing to the 
room temperature (cooling branch).  
 
2.1.2  Chemo-physical process during temperature exposure 
Concrete is a composite heterogeneous material composed by aggregates, cement and 
water. Due to the differences in the mechanical and physical properties of the mixture 
constituents, concrete and reinforced concrete structures under fire or high temperatures 
exhibit a complex behaviour. Moreover, the changes in the material properties are not only 
caused by physical changes, but also by chemical reactions at level of each concrete 
component.  
The concrete strength is directly linked to the chemical reaction processes that develop 
in the cement paste. In Portland type of concrete, cement is made of a mixture of 
calcareous and clay materials containing lime and silica, which are reduced in micro 
particles during the manufacturing process. At the end of the process, tricalcium silicate 
(C3S) and dicalcium silicate (C2S) are obtained. In the hydration phase, these two 
components interact with free water creating a structure of calcium silicate hydrate (CSH) 
gel between the cement particles with some calcium hydroxide crystals [Ca(OH)2]. 
Changing the proportion/type of concrete constituents and the water-cement ratio (w/c), 
the final global mechanical properties as well as the effect of the thermal exposure, will 
also change. 
The deterioration of concrete mechanical properties during the heating phases is related 
to: physico-chemical changes in the cement paste, physico-chemical changes in the 
aggregate and thermal incompatibility between the aggregates and the cement paste (bond 
region). An increase in temperature yields to a significant change in chemical composition 
at microstructural level in the Portland cement paste (Figure 2.2). 
At low level of thermal exposure the phenomena of dehydration and water expulsion 
take place. At about 105 °C free moisture contained in the concrete mass evaporates and 
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when the temperature reaches about 110 °C, the chemically combined water (hydration 
water: release of chemically bound water from the calcium silicate hydrate (CSH)) and the 
strongly absorbed water are gradually lost from the cement paste hydrates, with the 
dehydration essentially complete at 850 °C (Naus D.J., 2006). Due to the change in the 
internal chemical structure and to the thermal expansion of the aggregates, at around 300 
°C, an increase of internal stresses with formation of microcracks through the material is 
observed. Moreover, when the temperature of approximately 530 °C is reached, calcium 
hydroxide [Ca(OH)2], which is one of the most concrete strength responsible, dissociates 
leading to concrete shrinkage. Between 600 and 700 °C the decomposition of the CSH 
takes place and at 900 °C the decarbonation of the limestones is registered. At these levels 
of temperature the concrete is already crumbled and above 1200 up to 1300 °C some 
components inside the concrete start to melt. 
 
 
(a) (b) 
Figure 2.2 (a) Chemo-physical effects in Portland cement concrete during thermal exposure; (b) 
concrete surface at high temperatures (Arioz O., 2007). 
Since the process of degradation involves all concrete components, it is logical that the 
thermal effects act in a different way on different concrete type and class. Varying the 
quantity of quartz in siliceous aggregates or limestones the entity of thermal expansion, 
shrinkage or strength decay changes. 
 
2.1.3  Concrete thermal expansion 
When exposed to high temperature, as many other building materials, also concrete and 
reinforced concrete exhibit a thermal expansion.  The coupling of the above-mentioned 
chemo-physical processes (loss of evaporable water in the cement paste and aggregates, 
reduction of chemically-combined water in the hydration products, transformation of 
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siliceous aggregates, dissociation of calcium hydroxide, decarbonation of calcareous 
aggregates) with the different thermal expansion of the hardened cement paste and of the 
aggregates, yields to micro-strain, micro-cracking and deterioration of the whole concrete 
microstructure. In particular, a large amount of concrete strength degradation can be 
directly connected to the difference of volume expansion between aggregates and cement 
paste. 
In the beginning of the heating phase, up to 150 °C, the hardened cement paste expands 
with a maximum dilatation of 0.2%; when the temperature reaches 300 °C it starts to 
shrink and at about 800 °C the contraction arrives at 1.6-2.2% (Figure 2.3). On the other 
hand, the aggregates employed in concrete mixtures generally expand when exposed to 
high temperature with an average coefficient of thermal expansion (α), at normal 
temperature, between 5.5 x 10
-6
 and 11.8 x 10
-6
 °C
-1
 (Bažant and Kaplan, 1996). 
 
(a)  
 
(b)  
Figure 2.3 (a) Length change of Portland cement paste specimens; (b) linear thermal expansion of 
various rocks (adapted from Bažant and Kaplan, 1996). 
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In summary, during heating the hardened cement paste first expands and then shrinks, 
while the aggregate expands continuously. Due to the thermal incompatibility between the 
two concrete constituents, differential strains are generated and micro-cracks develop in 
the bond (contact) region. 
Usually, in normal concrete mixture, the expansion of the aggregates is higher than the 
contraction of the cement paste and the total behaviour results in expansion of concrete. In 
some particular cases, as with lightweight concrete (made with pumice aggregates), the 
opposite behavior can be observed; i.e. the material, at approximately 300 °C, may shrink.  
 
2.1.3.1 Free thermal strain (FTS) and load induced thermal strain (LITS) 
Khoury et al. (1985) during experimental investigations associated to heated concrete 
under load (up to 600 °C), noticed a huge contraction compared with the unloaded 
concrete, which exhibits expansion (free thermal strains, FTS). This phenomenon was 
attributed to the effect of the applied load and called “load induced thermal strain” (LITS).  
The LITS can be calculated as the difference between FTS and strain measured under 
constant load applied before the heating phase and maintained constant during heating, 
removing the initial elastic strain (Figure 2.4). Further studies (Khoury, 2006) found that 
LITS contribution is not related with the concrete aggregate types and cement paste, since 
it comes principally from the CSH gel structure. In addition, the quantity of aggregates in 
the mixture, as well as heating rate and stress/strength ratio, are noticed to be important 
influencing factors for these strains (Table 2.1). 
 
 
Figure 2.4 LITS for basalt concrete during heating (difference between thermal strain under 0% 
and 10% load); strain under 20% and 30% load are also shown (adapted from Khoury, 2006). 
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INFLUENCE FACTORS 
First order 
 Stress/strength ratio 
 Temperature 
 Aggregate content by volume (in the range 0-75%) 
Second order 
 Rate of heating 
 Aggregate content by volume (in the range 65-75%) 
 Initial moisture content in the 68-85% RH range 
 Type of cement up to 450 °C 
 Type of aggregate up to 450 °C 
Negligible  Age beyond three months after casting 
 
Table 2.1 LITS at high temperature: influencing factors. 
The main component of the load induced thermal strain is the transient thermal creep 
which is irrecoverable during cooling or unloading; in addition time-dependent creep and 
changes in elastic strain are included, while initial elastic strain are detracted. 
Recently, based on the meso-scale 3D FE analysis, it was shown (Bošnjak, 2014) that 
the main reason for the LITS development is related to the heterogeneity of concrete. The 
load induces damage of the cement paste and together with the thermal strains cause the 
redistribution of stresses between cement paste and aggregates in concrete, inducing LITS. 
 
2.1.4  Spalling of concrete 
During the heating of concrete, the internal water distribution changes and there is a 
significant increase of pore pressure. In particular cases, the increase of internal pore 
pressure, together with thermal induced stresses, yields to a breaking off of concrete pieces 
from the structural member´s surface (spalling). The phenomenon can be violent or not, 
and this depends on different factors such as the heating rate, the pores shape and 
dimension, the reached temperature, geometry, etc. 
Spalling phenomena can be divided in four groups: aggregate spalling, explosive 
spalling of concrete cover, surface spalling and corner/sloughing off spalling. The first 
three phenomena generally occur in the first 20-30 minutes of fire exposure while the last 
occurs after 30-60 minutes. The most violent of the previous phenomena are explosive and 
surface spalling and they are influenced by the heating rate (20-30 °C/min). Normal 
strength concrete (NSC) and high performance concrete (HPC) behave in a different way 
when subjected to high temperature. Since HPC are obtained reducing the water/cement 
ratio (low permeability) or using silica-fume (dense concrete with lower permeability), the 
probability of spalling is much higher than in NSC (Bošnjak, 2014). 
The spalling problem is very complex and it has been not yet fully understood. In the 
literature there are many theories to explain it. In particular three theories have been 
developed based on three different possible spalling mechanisms: pore pressure spalling, 
thermal stress spalling and combined pore-pressure spalling. 
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The pore pressure spalling theory (Shorter and Harmathy, 1965; Meyer-Ottens, 1972; 
Ichikawa, 2000) assumes that the main factors influencing pore pressure spalling are the 
heating rate, the initial level of saturation and the concrete permeability. During fire the 
concrete moisture evaporates through the heated surfaces. A part of the moisture remains 
blocked in the material and starts to migrate into the inside part of the concrete (where the 
temperature is lower) and it starts to condensate, forming a saturated layer. Due to the 
presence of this layer, the migration of vaporized pore water in the inward region is 
impeded; instead it is pushed to escape into the atmosphere. If the rate of heat is very high 
or the permeability of the material is too low to allow the escape of vaporized water, the 
combination of pore pressure and thermal stresses can exceed the concrete tensile strength, 
provoking explosive spalling (theory of moisture clog; Figure 2.5). 
The thermal stress spalling theory (Saito, 1965; Dougill, 1972) describes spalling as a 
consequence of the thermal shock resulting from severe thermal gradients. Near to the 
heated concrete surface, high compressive stresses induced from the restrained thermal 
expansion and tensile stresses in the cooler inside region, as well as local incompatibility 
between aggregates and cement paste, are generated. 
 
Figure 2.5 The pore pressure spalling theory: sequence of steps leading to explosive spalling 
(Phan et al., 1997). 
The combined pore-pressure spalling theory (Zhukov, 1970; Sertmehmetoglu, 1977; 
Connolly, 1995; Bošnjak, 2014) assumes that explosive spalling occurs under the coupled 
action of pore pressure, compression in the exposed surface region (due to thermal 
stresses) and internal concrete cracking. Sertmehmetoglu (1977) suggested that, due to the 
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load effect, many planes of weakness parallel to the heated surface are formed and when 
just a small action come from the internal pore as a pressure, spalling can very easily 
initiate. With the initiation of the phenomenon a huge quantity of energy is immediately 
released and a violent explosion takes place.  
Based on numerical 3D FE simulations at meso-scale level, it was shown (Bošnjak, 
2014) that the pore pressure together with the temperature induced stresses, leads to 
explosive spalling. Here, the pore pressure is a trigger, which initiates explosive spalling. 
 
2.1.5  How concrete properties influence fire resistance 
Concrete and reinforced concrete fire behaviour is strongly influenced by the 
characteristics of their constituent materials: concrete and steel. For both materials is 
important to analyze and understand how mechanical, thermal and deformation properties 
interact with each other and with the external environmental conditions. 
The temperature dependent mechanical properties are responsible for the strength 
deterioration, while the thermal properties are directly linked to the extension of the heat 
transfer through the structural section. In addition, also deformation properties have to be 
accounted for. They are fundamental, in association with the mechanical properties, for 
understanding the entity of the damage in terms of strain and deformation of the structural 
members (Kodur, 2014).  
Compared to other materials, the analysis of concrete behaviour exposed to thermal 
load is much more difficult due to the phenomenon of moisture migration that occurs 
during the fire exposure. The influence of this parameter is very strong, i.e. the concrete 
answer for different concrete types and strengths can change. 
 
2.1.5.1 Thermal properties at high temperatures 
The temperature distribution and the rate of heat transfer through the member of a 
concrete structure are governed and influenced by the characteristic thermal properties of 
the adopted concrete type. Hence, to define a temperature distribution or to verify the fire 
resistance (thermal analysis) of a reinforced concrete structure, it is necessary to define the 
main thermal properties: thermal conductivity, specific heat capacity and thermal 
diffusivity of concrete. 
Thermal conductivity 
The thermal conductivity is defined as the capacity of the material to conduct heat and 
it can be expressed as the ratio of heat flux to temperature gradient.  For normal strength 
concrete at room temperature, 1.4 - 3.6 W / m
 
K can be considered as an average thermal 
conductivity. This thermal property is largely influenced from the aggregate type (thermal 
conductivity of aggregates significantly decreases with the increase of temperature as 
reported by Birch and Clark, 1940; Mirkovich, 1968; Harmathy, 1970, etc.), as well as 
from moisture content. Since the type, amount and distribution of moisture in the material 
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have a huge influence on it, it is evident that when exposed to high temperature a 
consistent decrease of concrete thermal conductivity is observed (due to water evaporation 
and physical-chemical changes).  
As shown in Figure 2.6, in the Eurocode 2 (DIN EN 1-2, 2004) two “master curves”, 
defined as lower and upper limit, are given as recommended values for thermal 
conductivity λc (in W/mK) in normal strength concrete as function of the temperature 
exposure. 
The two limits can be expressed through the following equations (valid for 20 °C ≤ θ ≤ 
1200 °C, where θ is the concrete temperature):  
22 0.2451( /100) 0.0107( /100)c      (upper limit) (2.4) 
21.36 0.136( /100) 0.0057( /100)c      (lower limit) (2.5) 
 
Figure 2.6 Variation of conductivity with temperature; limits according to DIN EN 1-2, 2004. 
Specific heat capacity 
The specific heat (in the SI expressed in J/kg K) is the amount of heat per unit mass 
necessary to change the temperature of the material by one degree.  
Since the concrete transformation takes place at temperature range between 100 – 200 
°C (vaporization of free water, dissociation of Ca(OH)2, α-β quartz transformation), for 
that temperature range specific heat capacity shows a significant apparent transient 
increase (see Figure 2.7). 
Specific heat is rather sensible to the moisture content and when initially wet concretes 
are threated, a temporary very high increase (between 50 - 150 °C) of thermal capacity is 
registered (Iding et al., 1975) due to the rapid release of free water. In Figure 2.7 the 
recommended values of thermal heat capacity at different temperatures are plotted for 
three moisture content levels (u = 0, 1.5, 3.0 %). 
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Figure 2.7 Variation of thermal heat capacity with temperature for different moisture contents u 
%, according to DIN EN 1-2, 2004. 
Thermal diffusivity 
Thermal diffusivity is defined as the ratio of thermal conductivity to the specific heat 
capacity multiplied by the density of the material and it is generally employed to calculate 
the temperature distribution under transient conditions. Knowing the thermal conductivity 
(λc), the specific heat (cp) and the specific weight (ρ), thermal conductivity can be 
calculated as:  
/( )c pD c      (2.6) 
This thermal property indicates the rate of heat transfer from the exposed surface to the 
inner part of the material (expressed in m
2
/s). Higher is the value of the thermal 
diffusivity, faster will be the increase of temperature at a certain depth inside the member 
thickness. In concrete at high temperature, thermal diffusivity exhibits behaviour similar to 
thermal conductivity. Its initial value is reduced for about 50% (refer to Figure 2.8). This 
 
Figure 2.8 Concrete thermal diffusivity as a function of temperature for different aggregate 
concretes: (a) Harada et al, 1972; (b) and (c) Schneider, 1982; (d) and (e) Hildenbrand et al., 
1978. 
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degradation is attributed (Schneider, 1982; Schneider and Diederichs, 1981) to the 
influence of the moisture content on the concrete density and thermal conductivity. In 
addition, from the results of Hildenbrand et al., 1978, a moderate increase between 800 
and 1100 °C is registered. 
2.1.5.2 Mechanical properties at high temperatures 
The physical and chemical changes in concrete at elevated temperature significantly 
influence its mechanical properties. When mechanical properties of heated specimens are 
evaluated, it is important to distinguish between hot or cold states. In hot state, the 
concrete specimens are heated to a defined temperature, allowed to thermally stabilize at 
the given temperature for the range of time and then tested at hot state to measure the 
mechanical properties. On the other hand, the specimens are heated to the specified 
temperature, cooled down to the room temperature and then tested. In the second case, the 
mechanical properties are defined as residual concrete properties. 
Stress - strain relationship 
The stress and strain relationship of concrete is fundamental to predict the behavior of 
concrete structures. As already discussed by many authors (Schneider and Diederichs, 
1981; Khoury, 1999; Schneider 1982; etc.), with the increase of temperature, for specimen 
heated without load, a reduction of the initial slope of the elastic branch (elasticity 
modulus) and maximum stress (strength) is observed. When concrete specimens are 
heated under compressive load, the observed effects are similar, but less pronounced 
(Figure 2.9). 
 
Figure 2.9 Stress-strain curves for different testing (compression) temperature levels; 
comparison between unloaded (0% applied load) and loaded (20% applied load) tests for Ultra 
High Strength concrete specimens containing steel fibers (Khoury, 1999). 
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Modulus of elasticity 
The Young’s modulus (E) is one of the mechanical properties responsible for the global 
concrete behaviour and distribution of stress inside the structure. It is a measure of the 
stiffness of the material and similar as other concrete mechanical properties, when exposed 
to high temperature, a continuous degradation is observed (Figure 2.10).  
The monotonic decrease in stiffness is mainly due to the breakage of bond contacts 
between aggregates and cement paste in the concrete microstructure (at high temperature 
the hydrated cement products dissociate and due to different expansion, microcracks form 
in the bond region). The main factors influencing the decay of concrete stiffness are the 
aggregates type (limestone concrete modulus decreases much less than quartz concrete 
modulus; Figure 2.10) and the presence of applied load during heating (Figure 2.9). The 
other factors like water/cement ratio, sealing or exposure duration exhibit small or not 
relevant influence (Schneider, 1982; Schneider et al., 1982; Castillo, 1987; Phan and 
Carino, 1998; etc). 
 
Figure 2.10 Degradation of elasticity modulus for different concrete types (Schneider et al, 
1981). 
Compressive strength 
The influence of high temperature on the compressive strength is one of the most 
studied problem in the topic of thermal concrete behaviour. Since concrete is mainly used 
for its capacity to resist to high level of compressive load, in the literature it is possible to 
find several studies related to the factors which influence the compressive strength. 
In 1922, Lea and Stradling started to investigate the behaviour of concrete during fire 
accidents observing the high decay of compressive strength already at 300 °C. Further 
studies have been carried out from many authors in the last decades taking into account the 
influences of different material parameters such as the type of aggregate and cement, the 
loading conditions, the concrete age, the storage conditions, etc. (Mehta and Monteiro, 
2006). 
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The influence of high temperature on concrete compressive strength is similar as on the 
elastic modulus. The general degradation is directly linked with the physical and chemical 
changes in the material structure, the weakening of the bond region, the extension of 
damage inside the aggregates, dehydration of the cement gel products and propagation of 
cracking. The initial value of compressive strength seems to have no influence on the 
progressive degradation since tests conducted on NSC and HSC (Chan et al., 1996; 
Felicetti and Gambarova, 1998) reported similar values of relative residual strength at high 
exposure level (Figure 2.11). However, the observed strength reduction is much stronger 
in the high strength concrete than in the normal strength concrete.  
 
Figure 2.11 Residual compressive strength for different concrete types at high temperature (Chat 
et al, 1996). 
As it can be seen from Figure 2.12, the degradation of compressive strength for normal 
strength concrete is very much dependent on the aggregate type, especially in the range 
between 200 and 500 °C. The gap in strength degradation between different aggregate 
types is relatively high: at 400 °C calcareous concretes show a reduction of the initial 
strength (at 20 °C) of only 15%, while carbonate aggregate reaches values corresponding  
 
Figure 2.12 Residual compressive strength at different temperature exposure levels for different 
aggregate concrete types (NSC). 
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to half of the initial strength. 
Additional studies have been carried out on the effects of exposure rates on residual 
concrete compressive strength by Mohamedbhai in 1986. In this study basalt concrete 
cubes were heated up to maximum temperatures between 200 and 800 °C. The exposure 
time at the fixed temperature were varied and also different cooling velocities were 
adopted. In the experiments residual compressive strength was tested. 
From the evaluation of the test results it was found out that up to temperature exposure 
of 600 °C, an important difference between 1 h and 2 h heating is registered, however, 
when temperature exceed 600 °C the residual strength was not affected by the exposure 
rates.  
Tensile strength 
Despite tensile strength is one of the most relevant concrete parameters in terms of 
cracking and structural failure, in the last years no significant effort has been devoted to 
study the effect of high thermal exposure on it. In addition, spalling is directly linked to 
the tensile concrete properties, therefore those investigations are fundamental to 
understand and prevent this phenomenon. 
  
Figure 2.13 Residual tensile strength at different temperature exposure levels for different 
aggregate concrete types (NSC). 
Similar to the compressive strength, for the residual tensile strength the aggregates type 
plays an important role. In Zoldners (1960), concrete specimens made by sandstone, 
gravel, limestone and lightweight aggregates were heated, slowly cooled and then tested. 
The results (Figure 2.13) show a higher strength decrease in case of gravel and lightweight 
aggregates compared to the limestone aggregate mixtures. Similar results were reported by 
Campbell-Allen and Desai (1967), Harada et al. (1972). 
Comparing the degradation areas for different concretes it can be noticed that high 
temperature yields to much higher strength reduction in tension than in compression 
(Figure 2.14a). 
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Same conclusions can be drawn out analyzing the studies of Takeuchi et al. (1993). The 
tensile strength decay is higher than that observed for compressive strength and lower than 
that of elastic modulus (residual tests on NSC (fc = 43.4 MPa) (Figure 2.14b). 
  
(a) (b) 
Figure 2.14 (a) Comparison between residual compressive and tensile strength at different 
exposure levels for different aggregate concrete types (NSC); (b) tests at high temperature by 
Takeuchi et al., 1993: relative Young´s modulus, relative compressive and tensile strength. 
Fracture energy 
Fracture energy, GF, is one of the most important parameters in concrete fracture 
mechanic. It is defined as the energy required to extend a crack surface by a unit area and 
it is one of the main characteristic in the description of the material ductility. Due to the 
difficulties in measuring fracture energy, not many studies have been conducted for 
concrete under high temperature. In particular, in Zhang et al. (2000a) and in Zhang and 
Bicanic (2002), two concrete classes were tested at different temperature levels (Figure 
2.15). In both normal strength concrete (fc = 57 MPa) and high strength concrete (fc = 78 
MPa), the same tendency is obtained with a general increase of fracture energy between 
100 and 500 °C, followed by a decay after 600 °C. 
 
Figure 2.15 Residual fracture energy at different temperatures for NSC and HSC (Zhang et al., 
2000a; Zhang and Bicanic, 2002). 
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2.2 Concrete loaded in high loading rates 
Ordinary buildings are generally designed on the base on standardized static actions 
defined by design codes, however, in recent years the importance of dynamic actions in 
structural design is becoming more important. 
 During their life, concrete and reinforced concrete structures can experience different 
types of quasi-static and dynamic actions. Typical dynamic loads can be observed in case 
of earthquake, projectile or aircraft impact, blast wave propagation, vehicle or ship in 
collision with buildings, bridge or offshore infrastructure (Daudeville and Malécot, 2011), 
impact, missile, etc. Nowadays, due to the fast development of computer technology, in 
engineering practice it is possible to perform numerical studies, which can realistically 
simulate complex structural problems such as impact and blast loads. In this way, with the 
help of numerical simulations, it is possible to identify in advance the entity of the 
structural damage or loading capacity to carry out safety checks, assessments and design 
rules which can assure the structural integrity and the user’s protection also under 
exceptional loading cases. Nevertheless, to realistically predict the structural behaviour 
under complex loading conditions, it is necessary to employ a numerical model which can 
account for the realistic material response, both for static and dynamic loading. 
 
2.2.1 Behaviour of concrete under dynamic load 
 The dynamic properties of materials can be different to those under static loading, in 
particular, in case of concrete and concrete like materials that exhibit fracture and damage 
phenomena and in which the strain rate sensitivity is much higher than in case of brittle 
materials. Several theoretical, experimental and numerical studies have shown that 
concrete compressive and tensile behaviour is influenced by the applied loading rate. 
 
Figure 2.16 Possible strain rates for different loading cases (adapted from Bischoff and Perry, 
1991 and Nyström, 2013). 
Different loads yield to different strain rates and each type of loading condition can be 
identified with a typical strain rate range acting on the structure. In Figure 2.16 typical 
stain rate ranges are schematically shown for different cases. Low level of loading rates 
corresponds to static or quasi-static conditions (from 10
-6
 to 10
-4
 s
-1
), a medium range is 
typical for structural dynamic cases in which the effect of inertia starts to be important 
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(from 10
-3
 to 10
0
 s
-1
). However, at very high strain rates (dε/dt > 100 s-1) the influence of 
inertia is very strong and it has to be accounted for.  
Since both steel and concrete are loading rate dependent materials, the global structural 
response, as well as the local failure and damage entity, vary with the variation of the 
applied load. To get a reliable prediction of the structural response under dynamic actions, 
it is important to have a model which can reproduce the material strain rate dependency.  
 
2.2.1.1 Dynamic tests on concrete 
As discussed in Bischoff and Perry (1991), several experimental tests using different 
testing devices have been carried out to explore a wide range of strain rates. Both 
compression and tension behaviour of concrete have been analyzed starting from static 
loading up to strain rates of 10
-1
 s
-1
 employing hydraulic testing machine with limited 
stiffness or displacement control capabilities. Through drop weight tests, strain rates of 
approximately 10
1
s
-1 
can be reached using hammer with 50-100 kg weight, falling from 
height of 2-6 meters (Daudeville and Malecot, 2011). A medium range of strain rates can 
be obtained by employing compact tension tests (CTS) which are generally very common 
in engineering practice to study concrete fracture properties. To reach higher strain rates, 
the split Hopkinson bar (SHB) or the modified split Hopkinson bar (MSHB) can be used. 
In the first case strain rates up to 10 s
-1
 can be obtained, in the second case, analyzing the 
pullback velocity at the free end of the specimen, strain rate between 20 and 200 s
-1
 can be 
measured.  
Principally the split Hopkinson bar test (Hopkinson, 1914) is based on the theory of 
uni-axial wave propagation through elastic media and it is one of the most used test 
procedure in the study of dynamic material behaviour at high loading rates, even though 
 
Figure 2.17 Schematic representation of the Split Hopkinson Bar setup (adapted from Ožbolt et 
al., 2014). 
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certain issues are still under discussion in the research community.  
Li and Meng (2003), reported that the apparent dynamic strength enhancement beyond 
the strain rate of 100 s
-1
 is strongly influenced by the hydrostatic stress effect due to the 
lateral inertia confinement in an SHPB test. They further strongly commented that this 
apparent dynamic strength enhancement has been wrongly interpreted as strain-rate effect 
and has been adopted in both dynamic structural design and concrete-like material models 
for analytical and numerical simulations, which may lead to over-prediction on dynamic 
strength of concrete-like materials. Based on their study, which was primarily based on 
investigating the dynamic compressive strength of concrete, they recommended further 
experimental and numerical studies to understand the genuine strain rate effects. In 2005 
Wu et al. commented that the SHPB results are reliable only for ductile materials such as 
metals, whereas the results may contain significant errors when measurements are made 
using SHPB on concrete-like materials (Ožbolt et al., 2014).  
In the SHB (also called Kolsky bar (Kolsky, 1949)) a small specimen is installed 
between two identical long bars; to measure the sample response strain gauges are placed 
on the both bars. A projectile is then launched against the first bar with an initial velocity 
inducing a compression longitudinal elastic wave that propagates into the incident bar. The 
compression wave is then partially propagated in the sample from the incident bar, while 
another part is transmitted to the output bar (Figure 2.17).  
Applying the theory of uni-axial wave propagation through an elastic body, it is possible 
to calculate the strain and the strain rate: 
0
0
2
T
s r
c
dt
L
      (2.7) 
02 r
s
c
L

     (2.8) 
where c0 corresponds to the wave propagation velocity, εr is the strain coming from the 
wave reflection in the output bar and L is the specimen length (Ožbolt et al., 2014). The 
setup of the bar, as well as the initial impact velocity or the tested materials can be easily 
changed to achieve different loading conditions and strain rates.  
In case of use of modified split Hopkinson bar (MSHB) a very similar test set-up is 
applied. Here, the specimen is glued on one singular very long incident bar and it is loaded 
in a quasi-uni-axial stress state through the hitting of striker bar. In this type of test the 
compression wave is first transmitted to the incident bar, then to the specimen and it is 
reflected as tensile loading wave at the free-end of the sample. Here the pull-back-velocity 
at the end of the specimen is measured and from it the tensile strength can be calculated 
(for more details: Brara et al., 2001; Schuler et al., 2006; Ožbolt et al., 2014). In this case 
relatively high strain rates can be obtained. 
To improve the description and understanding of the fracture processes of plain 
concrete under high loading rates, an experimental technique based on a special large 
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Hopkinson bar system called Hopkinson bar bundle (HBB) was designed and realized in 
the Large Dynamic Testing Facility (LDTF) of the Joint Research Centre at Ispra. The 
HBB system consists of two bundles of 25 aluminum bars to which the concrete test 
specimen is glued using epoxy resin; concrete specimens with square cross sections of 200 
x 200 mm
2 
are instrumented with strain gauges and tested. Contrary to classical 
Hopkinson bar in which the pulse is given by a projectile impact, in the HBB the 
mechanical pulse is generated by sudden release of the energy stores in 32 cables of high 
strength steel (Cadoni et al., 1998). 
Very common solutions for the study of the material dynamic behaviour at medium and 
high loading rates are the drop weight tests. In this type of tests, shocks are generated 
using falling mass devices (pendulum, hammer, falling blocks). Changing the weight of 
the impacting body and the falling height, different types of induced damage and strain 
rates can be studied. These types of tests are very common since they are quite easy and 
economical to perform. Nevertheless, to assure the objectivity of the experimental result it 
is important to carefully study some small details which, if not considered, can make the 
investigation useless. In particular, during the test it is necessary that the verticality of the 
falling body is correctly driven through the use of a drop guide system. In addition, to get 
a good repartition of impact loads, the quality of the contact between the impactor and the 
specimen face is essential (Mazars and Millard, 2013). 
 
 
 
(a) (b) 
Figure 2.18 (a) Typical set-up for the drop weight tests (Kishi et al., 2002); (b) Hopkinson Bar 
Bundle of the JRC-Ispra: external and internal view (Cadoni et al., 2006). 
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2.2.1.2 Rate dependent concrete properties 
An accurate prediction of the structural response of concrete under impact and high 
loading rates requires the knowledge of the strain rate dependency of concrete constitutive 
behaviour. In the literature, it is possible to find several studies involving the strain rate 
dependency for different types of materials (brittle, quasi-brittle and ductile materials) as a 
function of the main macroscopic material properties (Young´s modulus, tension and 
compression strength, Poisson´s ratio, energy capacity, etc.). 
In case of concrete structures the resistance, failure mode, crack pattern and crack 
velocity are strongly influenced by loading rate (Freund, 1972a, b; Reinhardt, 1982; Dilger 
et al., 1984; Banthia et al., 1987; Bischoff and Perry, 1991; Weerheijm, 1992; Ožbolt and 
Reinhardt, 2005; Ožbolt et al., 2011, 2006; Larcher, 2009; Pedersen, 2010; fib, 2010; 
Ožbolt and Sharma, 2012). In addition, concrete rate sensitivity is different in tension and 
compression as resumed in Bischoff and Perry, 1991 and in Malvar and Crawfors (1998) 
(Figures 2.19 and 2.20). 
 
Figure 2.19 Dynamic Increase Factor (DIF) as a function of strain rate for tensile strength 
(Malvar et al., 1998). 
In the past a significant amount of works have been carried out to study concrete rate 
sensitivity in order to understand the main phenomena connected with the material 
dynamic behaviour. Many theoretical formulations have been proposed to explain the 
apparent concrete strength increase when high loading rates are analyzed but till today, the 
phenomena have been not yet completely clarified. The main issue is focused on the 
question whether the observed tensile/compressive resistance increase can be assumed as 
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an intrinsic concrete material property (strength increase at high strain rates) or rather, it 
has to be considered as an effect related with the inertia effects. 
In 1991, Rossi affirmed that the presence of free water in concrete structure is 
responsible for the “Stefan effect” which is important to understand the progressive 
concrete resistance under dynamic load. Under this theory, when a tensile stress is applied 
at very high velocity, the thin water layers are pushed to separate, however, the separation 
induces an opposing force. Greater is the applied loading speed, greater will the restoring 
force. This effect can well explain the fact that the strain effect is much more pronounced 
in case of wet concrete than for dried one. However, it is no more applicable if the high 
resistance increase found for dried specimen at very high loading rates is considered. In 
fact, after the transition point (10
1
 s
-1
), the water effect becomes negligible in contrast to 
the inertia effects that increase considerably. At very high loading rates, the inertia effects 
that develop in the concrete samples interact with the opening macro-cracks “stopping” 
their propagation and causing the increase of the observed resistance (Hild at al., 2003).  
 
Figure 2.20 Dynamic Increase Factor (DIF) as a function of strain rate for compressive strength 
(Bischoff and Perry, 1991). 
The rate dependent response of concrete is controlled through three different effects: (i) 
through the rate dependency of the growing micro-cracks (influence of inertia at the 
micro-crack level), (ii) through the viscous behaviour of the bulk material between the 
cracks (viscosity due to the water content) and (iii) through the influence of inertia of 
different kind, e.g. structural inertia, inertia due to the softening or hardening of the 
material or inertia related to the crack propagation (Ožbolt et al., 2011). From the 
numerical point of view, using macro or meso scale analysis, the first two effects can be 
accounted for by the rate dependent constitutive law, but the third effect, assuming that the 
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resolution of underlying spatial discretization is fine enough, should be automatically 
accounted for through dynamic analysis where the constitutive law interacts with inertia 
forces (Ožbolt et al., 2011). Depending on the material type and the loading rate, the first, 
second or third effect may dominate. For quasi-brittle materials, such as concrete, which 
exhibit cracking and damage phenomena, the first two effects are important for relatively 
low and medium loading rates. However, in case of higher loading rates, such as impact, 
the last effect seems to be dominant, although the other effects cannot be neglected. 
Principally, with the increase of loading rate failure mode tends to change from mode - 
I to mixed mode. As discussed by Ožbolt et al. (2011) and Ožbolt and Sharma (2012), 
responsible for this is inertia, which homogenize the material in the impact zone and force 
damage (crack) to move away from the zone of high inertia effect. Furthermore, when 
crack starts to propagate relatively fast, inertia at the crack tip tends to prevent crack 
propagation. Consequently, crack branching occurs and single crack splits into two 
inclined cracks. Moreover, significant inertia can be generated as a consequence of 
material softening and hardening.  
Elastic-brittle materials, such as glass, exhibit almost no influence of the cracking 
induced inertia on the rate dependent resistance. However, in quasi-brittle materials (e.g. 
concrete) and especially in ductile materials (e.g. steel) the inertia related to the 
propagation of macro-cracks significantly influence resistance and ductility of structures. 
For instance, it is well known that although steel exhibits almost no strain rate sensitivity, 
compared to quasi-static loading its resistance increases with increasing loading rate and 
its response becomes more brittle. The reason for such behaviour is due to the fact that 
with increasing loading rate the size of the plastic zone at the crack tip reduces in size due 
to the action of inertia related to highly non-linear material response (Ožbolt et al., 2015).  
 
2.2.2 Impact load 
When two bodies impact to each other, different phenomena can be observed, 
depending on the initial characteristics of the impacting bodies. With the change of the 
material properties, initial impact velocity and impacted structural type, the entity, 
extension and severity of damage, the exchanged impact forces vary.  
2.2.2.1 Impact classification 
Impacting bodies can be classified as either “hard” or “soft”, depending upon whether 
the element deformability is low or large relative to the target deformability (Kennedy, 
1976). A definition of hard and soft impact can be found in Eibl, 1998. In the here 
investigated problem the impact obtained from the collision between two bodies is 
studied: one body is at rest, while the other is hitting with an initial velocity. The system 
can be studied as an impact between two masses m1 and m2. In addition, the stiffness of the 
system is modelled through two different variables, k1 and k2. The stiffness k1 is placed 
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between the two masses to simulate the contact force and the other, k2, is employed to 
model the deformation and the resistance force coming from the structure (Figure 2.21).  
 
Figure 2.21 Simplified mechanical model for the impact problem proposed by Eibl in 1987. 
The schematized system can be described though the following differential equations: 
 
 
1 1 1 1 2
2 2 1 1 2 2 2
( ) ( ) ( ) 0
( ) ( ) ( ) ( ) 0
m x t k x t x t
m x t k x t x t k x t
   

   
    (2.9) 
If x1 >> x2 the projectile deformation is much higher than that of the impacted body, and 
putting F(t) = k1 x1(t), equations (2.9) can be rewritten as: 
1 1 1 1
2 2 2 2
( ) ( ) 0
( ) ( ) ( )
m x t k x t
m x t k x t F t
 

 
    (2.10) 
In this way the problem is now uncoupled, with the possibility to solve the first 
equation to find out F(t), and the second to obtain the deformation of the structure under 
the impacting force F(t). This case, in which the impacted body remains almost 
undamaged and the kinetic energy of the problem is completely transformed into  
  
Figure 2.22 Hard and soft impact. 
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deformation of the impactor, is called soft impact (Figure 2.22). On the other hand, if x1 
<< x2, hard impact case is analyzed and it is verified when the kinetic energy of the 
impactor is almost completely observed by deformation of the impacted body. 
In 1997 Brossard gave another impact classification always considering a two-mass 
system. In this approach, if during the impact no rebound is observed, the two masses joint 
together forming a single body (soft impact). On the contrary if a perfect rebound without 
energy dissipation takes place, the problem is classified as elastic impact (hard impact). 
In 2009, Koechlin and Potapov, to distinguish between soft and hard impact, proposed an 
additional model based on the projectile velocity and material properties. 
2.2.2.2 Impact phenomena 
When a concrete structure is subjected to impact, the impacted structure may respond in 
different ways on the base of the structural and impact types. In general it is possible to 
distinguish between two structural response levels: the local level and the global level. 
Global level: If loading is globally distributed on the structure, or if, in the case of an 
impact, local failure conditions have been not fulfilled, then the whole structure responds 
dynamically (Figure 2.23). The inertia effects of the structure are such that the reaction 
immediately follows loading. If loading results from an explosion or a soft shock, the 
response is initially of transient type, then a quasi-stationary vibration regime develops if 
the structure stress is exerted from a period of time that is relatively long to its natural 
frequencies, as in case of earthquakes.  
 
Figure 2.23 Representation of the global level of structural response during impact loading. 
The reached strain rates are lower than those observed at the impact location. The 
behaviour of the structure can be described by the theory of the materials strength, i.e. the 
structure can be modeled by means of plates and beams subjected to traction, compression 
or bending. However, the failure modes and crack patterns can be completely different 
from those observed under static loading (Mazars and Millard, 2013). 
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Local level: A high level of stress and strain is created inside the impact area. This state 
develops simultaneously with loading and at very high strain rates. Studying the local 
effects requires taking the inertia effects, wave strain propagation and tri-axial stress states 
into account. Whenever failure criteria are reached during this phase, scabbing and shear 
phenomena with chip projections will take place. 
In case of hard impact different types of failure have been observed and classified in 
time (Kennedy, 1976; Li et al., 2005; Beppu et al., 2008). In particular, from Kennedy 
experience, six main local effects are defined (Figures 2.23 and 2.24) and named as: 
- Penetration: under the impact point, a crater develops in the target body; 
- Spalling: ejection of target material from the proximal target´s face; 
- Cone cracking and plugging: formation of a cone-like crack under the projectile with 
the possible subsequent punching-shear plug; 
- Radial cracking: global cracks radiating from the impact point and appearing on either 
the proximal or distal face of the concrete slab or both, when cracks develop 
throughout the target; 
- Scabbing: ejection of fragments from the distal face of the target; 
- Perforation: complete passage of the projectile through the target with or without 
residual velocity; 
- Overall structural responses and failures: global bending, shear and membrane 
responses as well as their induced failures throughout the target. 
The here mentioned impact failures are function of the involved geometries, material 
properties and boundary conditions of the analyzed problem, as well as of the initial 
impacting velocities, i.e. in case of low velocities, the projectile will impact the concrete 
member and bounce off without creating any local damage. With the increase of the 
velocity, first small pieces of concrete are ejected from the front concrete surface, then the 
missile penetrates the target, forming a penetration crater with a diameter only slightly 
bigger that the projectile diameter. At this point, if the velocity is not big enough, the 
missile can rebound or remain blocked into the target. On the contrary, with higher 
impacting speed, the projectile can further penetrate into the concrete slab producing 
cracking and spalling of the back surface, with the final total perforation of the target. 
Generally, once that the scabbing phenomenon takes place, the depth of penetration 
rapidly increases with the penetration phase quickly reached. From the here described 
impact phenomena, generally four measurements are frequently used to quantify the local 
missile impact effects (Li et al, 2005): 
- Penetration depth (x): the depth to which a projectile penetrates into a massive 
concrete target without perforation; 
- Scabbing limit (hs): the minimum thickness of the target required to prevent scabbing; 
- Perforation limit (e): the minimum thickness of the target required to prevent 
perforation; 
- Ballistic limit (VBL): the minimum initial impact velocity to perforate the target.  
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   Figure 2.24 Missile impact effects on concrete target in case of hard impact. 
 
2.2.3 Hard impact on reinforced concrete structures 
As already mentioned in Section 1, civil structural buildings as well as infrastructural 
and safety crucial points such as nuclear reactors, during their service life can be involved 
in extreme loading, which can be either caused by casual actions (vehicle accidents, 
earthquakes, impacting objects, machine explosions, tsunami, tornados, aircraft crashes, 
etc.) or even by direct human actions such as terroristic attacks. In both cases these types 
of actions are unexpected and very severe for the structure. If not well designed, they can 
exhibit very high damage and deformations, yielding to the structural failure or even to the 
total building collapse, causing huge disasters. 
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2.2.3.1 Experimental studies of RC structures under hard impact  
In the past many researchers studied the effects of impact loads on reinforced concrete 
members such as beams, slabs, frames, etc., both in terms of local and global structural 
failure. In 1991, van Mier et al. carried out an experimental study to analyse the effects of 
collision between structural elements of reinforced concrete buildings focusing on the 
load-time impact history. Totally 24 dynamic tests were carried out employing pre-
stressed concrete pile (with cross section 250 mm
2
 x 250 mm
2
, length 20 m, and pre-
stressing 4.4 N/mm
2
) and a concrete striker. Tests were carried out with two different 
strikers: a large striker with a mass of 570 kg, and a small striker of 290 kg. In addition, 
different striker´s shapes were used during the test: spherical, conical, and truncated 
conical contact surfaces. The impact velocity was registered through the help of Doppler 
radar and an optical accelerometer and the load-time history was obtained from the pulse 
in the pile. The results have shown that a decrease in the stiffness of the impacting block 
or of the contact surface yields to an increase of the contact time, both in static and 
dynamic tests. Moreover, it was found that only the speed had an influence on the value of 
the maximum impact load.  
In 1993 Toutlemonde et al. tested a series of reinforced and unreinforced slabs with the 
help of a shock tube in order to analyse the effect of porosity, free water and reinforcement 
on concrete dynamic strength. Three concrete types characterized by different w/c ratio 
(0.3, 0.5 and 0.7) were studied. Moreover, two extreme conditions were investigated: 
100% free water by sealing the specimen in resin after demoulding and 0% free water by a 
prolonged stay in an oven after curing. The results have shown that the presence of 
evaporable water inside the concrete pores influences the concrete behaviour yielding to 
an increase in failure load under a dynamic versus quasi-static loading rate. Furthermore, it 
has been observed that rapid loading may favour a shear mechanism which is responsible 
to failure prior to the quasi-static bending mechanism, i.e. reinforcement has to be 
designed keeping in mind this consideration. 
A total of 20 circular reinforced slabs (equal top and bottom reinforcement 
corresponding to a reinforcement ratio of 0.33%) with a diameter of 1.50 m and 
thicknesses of 60 and 80 mm were tested in 1993 from Bangash. In the here proposed 
experimental investigations, hammers with different weights (from 31.50 to 75.25 kg) 
were dropped down from an initial height of 5 m leading to an initial velocity ranging 
between 4 and 10 m/s. Several conclusions can be drawn out from the analysis of the 
obtained results. The relation between the impact load and time can be decomposed in two 
parts, one that is characterized by a strong increase of the compressing force until it 
reaches its maximum, followed by a very quick decrease. This entity and duration of this 
phase is directly linked to the impact striker velocity and mass and to the slab properties. 
The second part can be used to describe the final part of the contact and is a function of the 
global structural response and reinforcement ratio. In addition, for two identical structures, 
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the contact peak force doesn´t depend on the impactor mass but on its initial velocity 
(Delhomme, 2005). 
Additional studies on reinforced concrete slabs were carried out by Zineddin et al. 
(2007). Slabs of dimensions 90x1524x3353 mm with different reinforcement types were 
tested: (i) two layers 152x152 mm meshes of welded steel wires with diameter of 5 mm 
located under 25 mm of concrete cover on both faces of the slab; (ii) second, with one 
152×152 mm mesh of No. 3 steel bars located at the middle of the slab thickness; (iii) two 
152×152 mm meshes of No. 3 steel bars located under 25 mm of concrete cover on both 
faces of the slab. An impact mass of 2608 kg was dropped from a pre-defined height at the 
centre of the slabs. The load pulse was then measured using a load cell mounted on the 
impacting plate. The tests were instrumented through strain gauges applied at the mid and 
quarter points of the major axes of the slab and accelerometers on the back slab surface 
and on the hammer. Moreover, strains on reinforcement, peak load, mass acceleration and 
high-speed video were also planned. Analysing the results in terms of failure mode, crack 
pattern and peak load, it can be seen that the quantity and type of mesh reinforcement and 
the dropping height have an important role in defining the global slab collapse, i.e. 
increasing the hammer falling height, the slab failure is characterized by local behaviour 
with punching shear and huge shear cracks on both top and bottom faces (Figure 2.25). 
 
(a) (b) 
Figure 2.25 Experimental results in terms of failure and crack propagation for the slab 2#3-3 
(610 mm drop height on slab with mesh of No.3 rebar): (a) impact face; (b) bottom face (Zineddin 
et al., 2007). 
To investigate high-mass, low-velocity impacts, an experimental program on reinforced 
concrete beams and slabs was carried out in 2009 by Chen and May. Here the impact is 
provided using a drop-weight system: a frame with two vertical steel angle legs is used to 
guide the striker, which can be raised up to 4 m high. To study the influence of the 
impacting mass and shape, two types of impactors were tested: the first with a diameter of 
90 mm and hemispherical profile and the second with 100 mm diameter and flat contact 
face. To measure the impact response, the following sensors were employed: a high-speed 
video camera, a load cell placed between the mass and the impactor, accelerometers at 
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several points on beams and slabs, strain histories on some of the main reinforcements. In 
the tests beams and slabs of different dimensions, reinforcement ratios and initial impact 
velocities were analysed. The results of the beam tests have confirmed that the beam 
supports have less influence on the impact force than the beam span. Moreover, comparing 
the experimental impact energy with that predicted using empirical formulae, it can be 
noted that the formulae are unable to give accurate predictions for some of the tested 
geometries. 
Similar tests with the use of drop-weight system and reinforced concrete beams were 
performed in 2009 by Saatci and Vecchio. The main aim of the study was to investigate 
the effects of shear mechanism of the RC behaviour under impact loads, i.e. all the 
analysed beams had same longitudinal reinforcement but different shear reinforcements 
ratios. The beam dimensions were 250 mm in width, 410 mm in height and 4880 mm in 
length with double longitudinal reinforcement of 30 bars with 700 mm2 cross sectional 
area and 30 mm diameter. The transverse reinforcement ratios were varied as 0.0, 0.1, 0.2 
and 0.4 %. For the impact, two different drop-weights were employed: a lighter weight of 
211 kg and a heavier of 600 kg applied via free-fall from a clear height of 3.26 m. The 
results are then compared in terms of final crack profiles, midspan displacements, 
supporting reactions, impact energy and displaced shapes. It was clearly shown that the 
beams, under dynamic load, behave differently than under static loading. 
 
Figure 2.26 Correlation between impact load and crack propagation for beam B3 (Chen and 
May, 2009). 
The Committee on the Safety of Nuclear Installations (CSNI) in December 2008 
approved a proposal to conduct a round robin study, called IRIS_2010, in which different 
modelling approaches, numerical codes and results were compared in order to simulate 
real experimental evidences on missiles impacts. In particular, three tests were chosen to 
be simulated: (i) test Meppen II-4 coming from a test series performed in 80´s in 
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Germany; (ii) one test series conducted at VVT with bending mode failure and (iii) one 
test series conducted at VVT with punching mode failure. The data obtained from the tests 
were used as reference data in order to improve the predictions capabilities given by 
numerical models and analytical or experimental formulas. 
In the Meppen test (Figure 2.27) the load was given by impacting a deformable missile 
(mass of 1016 kg) against a reinforced concrete wall with a thickness of 700 mm, applying 
an initial velocity of 247.7 m/s. The wall is simply supported at each side, tied to the 
supporting system with tie rods and it has a span width of 5.4 meters. To measure the 
reaction forces during the impact, multiple load cells and strain gauges were applied on the 
tie rods. Additional strains were measured on the reinforcement in several locations and 
accelerations and displacements were measured on the back surface of the wall. 
In the tests performed at VTT, the walls were simply supported at all of their four sides 
with the span width being 2 m. All the walls were reinforced with bending reinforcement 
in both horizontal and vertical directions with the horizontal rebars being nearer to the 
surface of the wall. The walls used in tests for bending behaviour were 150 mm thick. All 
these “bending” walls included also shear reinforcement. The bending walls (B1 & B2) 
were tested by impacting a deformable stainless-steel missile against them. The mass of 
 
(a) 
 
(b) 
Figure 2.27 (a) Meppen test facility showing the launcher, the missile and the target (OECD, 
2012); (b) Deformable missile used in the test MII4 (Vepsä et al., 2011). 
the missile was 50.5 kg and the target value for the impact velocity was 110 m/s. The 
walls used in tests for punching behaviour (P1P3) were 250 mm thick and they did not 
include shear reinforcement. These “punching” walls were tested by impacting a non-
deformable missile with mass of roughly 47.5 kg against them with the target impact 
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velocity being 135 m/s. Main instrumentation in the tests carried out by VTT consisted of 
strain gauges placed on the reinforcement rebars as well as on the front surface of the wall, 
strain gauges on the supports of the mounting frame of the wall to compute the support 
forces, five sensors for measurement of displacements and high shutter speed video 
cameras to record the impact. The tests succeeded quite well with the realized input values 
being quite close to their target values (Vepsä et al., 2011). 
In 2011, Hummeltenberg et al. investigated the behaviour of normal concrete, high 
performance concrete (HPC) and ultra-high performance concrete (UHPC) with several 
types of longitudinal and shear reinforcement under impact. In the tests, concrete slabs 
with dimension of 1000 x 1000 x 150 mm were impacted with cylindrical steel projectiles 
  
(a) (b) 
Figure 2.28 (a) The VTT launcher installed inside an underground cavern; (b) detail showing the 
target, the supporting frame and the piston catcher (OECD, 2012). 
(with 10 and 20 cm diameter) dropped down from different heights (from 3 to 9 m). All 
the 15 tested slabs had the same longitudinal reinforcement formed by a layer of steel 
mesh of 150 mm spacing bars of 10 mm diameter. In addition, some slabs had also C-
shaped stirrups and some other additional fibre meshes reinforcement. The obtained 
results were then compared in terms of slab perforation (Figure 2.29), velocity and 
deformation histories. It was found that all the slabs with normal concrete and standard 
reinforcement, both with and without shear reinforcement, were almost completely 
perforated during the impacts. In case of HPC slabs, with and without fabric 
reinforcements, the entity of the perforation was much lower with a huge contribution of 
the additional reinforcement in contrasting the projectile penetration. 
In 2015, Adhikary et al. carried out an experimental and numerical study on the 
structural response of reinforced concrete beams under low velocity impact (< 10 m/s). In 
this study the structural behaviour has been studied by considering several parameters, i.e. 
by varying: beam span length, impacting heights, beam cross sections, longitudinal and 
transverse reinforcement ratios, etc. Moreover, to validate the experimental investigations, 
a 3D nonlinear finite element model is developed. All the tested beams were characterized 
by a rectangular cross section 120 to 160 mm in width and 170 to 250 mm in depth. 
 
2. Literature review 
 
 
38 
 
   
(a) (b) (c) 
Figure 2.29 Slabs perforation in case of normal concrete with: (a) additional stirrups 
reinforcement; (b) additional steel fabric; (c) additional carbon fabric (Hummeltenberg et al., 
2011). 
Instrumentations were provided for each test in terms of load cells, strain gauges and 
accelerometers. From the experimental study the effect of inertia forces on the shear 
beams failure has been evaluated, i.e. harder and stiffer contact zone yields to higher 
inertia forces which assist the beam failing in shear under impact loading. Moreover, the 
range of maximum strain rates of longitudinal reinforcements for beams of various series 
under various drop-heights is provided. Finally, from the numerical simulation parametric 
study, it is found that under constant impact energy, impacts caused by large masses with 
low velocity results in smaller maximum impact load but larger maximum midspan 
deflection of beam and vice versa. Maximum impact load increases and maximum 
midspan deflection of beam decreases with the enhancement of the longitudinal 
reinforcement ratios (Adhikary et al., 2015). 
Recently Dancygier (2016) investigated the impact resistance of high-performance 
layered protective barriers. In particular the effects of the different concrete mix 
ingredients such as aggregate types and sizes, application of steel fibres are here 
experimentally analyzed considering the main resistance parameters which include the 
extent of rear and front damage surfaces, the overall damage and the impact energy at the 
ballistic limit. The results clearly showed that increasing the concrete compressive 
strength led to increased perforation resistance with a further increment by using large and 
hard aggregates, that also caused a more extended rear and front damage. Moreover, it can 
be seen that the damage was mitigated by application of steel fibres. The findings reported 
in the paper, suggest that a protective barrier by be engineered to have layers that use these 
effects to produce better performance under impact. 
In Grisaro and Dancygier (2018) a one-way reinforced concrete wall under a combined 
loading of blast pressure and fragments has been studied. The here proposed dynamic 
analysis considers the damaged of the fragments as well as the pressure that they transmit 
to the structure. The initial results of this study demonstrate the importance of considering 
the more realistic non-uniform loading of the fragments instead of the commonly used 
uniform distribution. 
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2.3 Dynamic behaviour of concrete after high temperature exposure 
In the previous paragraphs the behaviour of concrete and reinforced concrete structures 
exposed to high temperature and dynamic conditions has been discussed. In the reality 
structures can be simultaneously subjected to the double action of fire and impact, as in 
case of industrial chemical explosions or terroristic attacks. In these conditions the 
concrete impact resistance is much lower due to the damage induced through the fire 
exposure. Moreover, the structural answer to the strain-rate effect is different compared to 
that on concrete at ambient temperature (Huo et al., 2013). Consequently, to better 
understand concrete mechanical properties and global structural behaviour under different 
conditions, it is important to investigate not only static, but also dynamic behavior (effect 
of strain rate) of concrete previously subjected to high temperature. In the literature there 
are not many studies related to the behaviour of concrete and RC structures dynamically 
loaded after exposure to high temperature, i.e. engineering knowledge, when these two 
problems are coupled, is very limited and it has to be improved.  
 
2.3.1 Overview of the previous coupled thermo-dynamic studies 
Di Prisco et al. (2003) studied the mechanical and thermal behavior of plain-concrete 
slabs and SFRC slabs submitted to standard fire at different loads. In the tests, 3 plain-
concrete and 6 SFRC slabs (1800 x 600 x 60 mm) were preloaded under 3 load levels kept 
constant during each test and then exposed to standard fire up to failure. To investigate the 
residual properties, additional tests on cubes and notched prisms have been also carried 
out in compression and uniaxial tension. Moreover, to obtain informations about the 
material properties in hot state, further tests on prisms subjected to 4-point bending were 
also performed. The slab specimens loaded at three different values of their ultimate 
capacity at room temperature show that the resistance is strongly enhanced by the steel 
fiber, since the failure occurs at fire duration from 9 to 3 times larger than in plain 
concrete-slabs. In addition, the bending tests at high temperature show that the thermal 
damage is mostly a function of the maximum reached temperature (di Prisco et al., 2003). 
He et al. (2011) tested a split Hopkinson pressure bar (SHPB) to investigate the high 
strain effect of concrete at elevated temperatures. Cylindrical normal strength concrete 
specimens were first heated to the pre-determined level of temperature (200, 400, 600 and 
800 °C) and then, without allowing the cooling (in hot conditions), the striker of the SHPB 
was fired against the concrete specimen with different impact velocities. It was observed 
that, with the temperature increase, the dynamic strength of concrete at elevated 
temperatures decreased, while the compressive deformation strongly increased. Moreover, 
it was concluded that heat exposed concrete tended to be more strain-rate sensitive with 
the increase of temperature, except for temperature of 200 °C. The concrete temperature of 
200 °C was found to have experienced no significant dynamic strain effect (He et al., 
2011). 
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A similar study was carried out by Li et al. (2012) to test concrete static and dynamic 
mechanical properties before and after the temperature exposure (in cold state). Concrete 
cubes and cylinders were casted and heated up at different temperature levels (200, 400, 
600 and 800 °C) following a constant heating rate of 10 °C/min. After the cooling phase, 
provided by watering the specimens for 30 minutes, quasi-static and impact compressive 
tests were carried out. From the experimental work was clear that 400 °C of thermal 
exposure was the critical point for changing of concrete mechanical properties. Almost no 
influence was detected in case of lower temperature exposure. Moreover, the dynamic 
compressive strength exhibits strong strain rate dependency with a strong increase of the 
strain rate rise. 
Caverzan et al. (2013) investigated the behaviour of high performance fibre reinforced 
composites (carbon steel micro-fibres) under uniaxial tension load applied after high 
temperature exposure. In order to understand the temperature influence under different 
loading conditions, quasi-static and dynamic tests were carried out with the use of a hydro-
pneumatic machine (strain rate equal to 1 s
-1
) and a modified Hopkinson bar (strain rate 
between 150 and 300 s
-1
). It was observed that, for the material exposed at high 
temperature, the DIF increases with the increasing strain rate up to a value close to 150 s
-1
. 
At a strain rate of 300 s
-1
 the DIF does not grow, on the contrary, it decreases. The higher 
the maximum temperature reached in the thermal cycles, the more evident is the decrease 
in the DIF. Furthermore, the energy dissipated up to a large crack opening (5 mm) in the 
material exposed to high temperature remain almost constant for growing strain rate up to 
a value of 150 s
-1 
and scantly decreases at 300 s
-1
. Moreover, the dissipated energy at 
increasing exposure temperature shows a remarkable decrease at all the investigated strain 
rates, this trend is emphasized at high strain rates (Caverzan et al., 2013). 
In order to enrich the data base of impact tests on concrete, paying particular attention 
to the concrete dynamic behaviour after high temperature exposure, Huo et al. (2013) 
conducted a series of SHPB impact tests on fire-damaged concrete. Normal strength 
concrete (compressive strength of 35 MPa) cylindrical and cubical specimens were heated 
with a heating rate of 10 °C/min and the maximum temperature (100, 300, 500 and 
700 °C) was kept constant for three hours. After the cooling SHPB test were performed. 
The tested results showed that temperature and strain rate had remarkable effect on the 
DIF (strength) for concrete after exposure to high temperatures, with a gradual DIF-fire-
damaged decrease with the increase of temperature, and increase with the increase of 
strain rate.
 
Similar results on analogous tests were obtained also by Su et al. in 2013 (temperature 
exposure of 200, 400, 600 and 800 °C) and by Chen et al., 2015 (temperature exposure of 
400, 650, 800 and 950 °C). Dynamic splitting tension and dynamic compression tests on 
normal strength concrete (NSC) and fiber reinforced concrete (FRC) cylinders with the 
use of a drop hammer at room temperature and at 204 °C were investigated in Weidner et 
al., (2015). Some of the pre-mentioned tests were conducted in hot state and some other in 
residual state. The results of the tests were also compared with the guidelines of the CEB 
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model. In particular, from the analysis of the results on NSC, it was clear that cylinders 
that have been heated to 204 °C and then cooled down to room temperature before testing, 
showed that the maximum dynamic compressive strength was 80% higher than specimens 
tested at elevated temperature, but was still 27% less than specimens tested at room 
temperature. This implies that NSC strength is permanently reduced after a high 
temperature event, even when the structure is cooled down to room temperature afterwards 
(Weidmer et al., 2015). 
The effect of the application of a dynamic load after exposure to elevated temperature 
on the compressive behaviour of high strength concrete (HSC) was experimentally 
investigated also by Xiao et al. in 2016. In this case HSC prisms were axially loaded at 
quasi-static and dynamic rate after being heated up at different temperature levels (up to 
800 °C) following the heating rate of 2.5 °C/min.  
 
(a) 
 
(b) 
 
(c) 
Figure 2.31 Crack propagation observed in RC beams after fire and blast load for different 
thermal exposure conditions: (a) B1 - no fire exposure; (b) B2 - 90 minutes fire exposure; (c) B3 -  
120 minutes fire exposure (Zhai et al., 2016). 
Concrete residual material properties as well as crack profiles and propagation were 
evaluated and compared. It was mainly concluded that the strain of HSC after being heated 
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at 600 and 800 °C increases linearly with the increase of the loading rate (Xiao et al. in 
2016). 
According to the author knowledge, in the literature just few experimental or numerical 
experiences can be found on the structural behaviour of RC structures subjected to fire and 
impact load. Only recently, Colombo et al. (2015) proposed a design procedure based on a 
simplified FE model to study fire and internal explosions in underground tunnels. The 
work is aimed to generate pressure-impulse diagrams for underground tunnels in case of 
internal explosion and pre-explosion fire actions. Moreover, is introduced an ultimate limit 
state criterion based on the eccentric ultimate flexural capacity (M-N interaction diagram) 
which is capable to include fire-blast interaction. The study is carried out on the tunnel of 
the metro line in Brescia (RC class C40), characterized by an internal diameter of 8.15 m 
located 23.1 m below the surface. Furthermore, a second structural solution with steel 
fibre-reinforced concrete (SFRC) layered tunnel segments is proposed in the study. From 
the comparison between the two analyzed tunnel structural solutions, it can be seen that 
the proposed solution with SFRC exhibits a better performance in case of pre-explosion 
fire actions, internal explosions and under quasi-static loading as well. 
The previous exposed design procedure Colombo et al. (2015) has been extended in 
Colombo et al. (2016b) considering several possible explosive source positions inside the 
tunnel. The research confirmed the results obtained in the previous work even in case of 
different exposure time and charge positions. The difference between the two proposed 
structural solutions (standard RC and SFRC tunnel segments) becomes negligible only 
when the charge is applied very close to the tunnel surface due to local damage. 
Zhai et al. (2016), have tested the performance of RC structures under blast loading 
after fire exposure on RC beams. The tested beams were 2500 mm long with square cross 
section of 200 mm. Longitudinal and shear reinforcements were provided using bars of 
diameter 16 mm and 10 mm, respectively. Normal strength concrete (C30) with 32.5 mm 
maximum aggregate size was employed. For the application of the thermal load, the beams 
were installed into a furnace and heated following the ISO834 curve for 90 minutes and 
then naturally cooled down to the ambient temperature. After that, blast tests were carried 
out by the use of 7 kg rock emulsion explosive detonation. Numerical analyses of the 
experimentally tested cases were also performed with the use of the commercial software 
ABAQUS. The resulting crack propagation for the different analyzed cases clearly pointed 
out the importance of the entity of the fire exposure to get the real performance of RC 
beams after the application of the blast load. As can be seen from Figure 2.31, comparing 
to the RC beam with the not heated surface to blast loadings, the RC beam with the heated 
surface under the same blast loadings suffered greater damage. After 120 min fire 
exposure, the peak and residual displacement was about 54.1% and 123.0% larger than 
that of the beams loaded on the unfired surfaces, respectively (Zhai et al., 2016). 
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3. EXPERIMENTAL INVESTIGATIONS ON PLAIN CONCRETE 
 
3.1 Plain Concrete 
Experimental investigations on plain concrete specimens were carried out to get more 
insight into the concrete behavior at high temperature and high strain rates. In the 
engineering practice the majority of structures are made by reinforced concrete. Hence, it 
would be useful to study the effect of coupled thermo-dynamic loading for these 
structures. However, to better understand how the different strain rates interact with the 
temperature exposure and how their combination influences the main concrete material 
properties such as tensile strength, compressive strength, fracture energy and crack 
pattern, it is also important to study a simple plain concrete specimen. Since the elevated 
temperature leads to deterioration of concrete constituents, accompanied with a variation 
of the moisture water content and aggregates stiffness, these changes may provoke a 
concrete strain rate sensitivity which is different to that observed at room temperature. For 
this reason, in the first part of this experimental work the attention was focused on plain 
concrete compact tension specimen exposed to thermal load and then subjected to 
dynamic tensile load. 
 
3.1.1 Compact Tension Specimen 
Recently the number of studies on concrete behavior under coupled thermal and high 
strain rate action is increasing, but this number is still relative low and the scatter of the 
results is very high, i.e. it is not yet possible to find a good correlation between high strain 
rates and thermal exposure of concrete. The here described experimental investigations on 
concrete compact tension specimens were carried out to enrich the database of these test 
types and to bring more light into the effects of the mutual thermal-dynamic interaction.  
In the experimental tests two different fire exposure conditions corresponding to 
maximum temperature levels of 200 °C and 400 °C were studied. For each thermal 
exposure several specimens were tested under different loading rates varying 45-4000 
mm/s. The experimental program and test setup is chosen such that the results of thermo-
dynamic tests can be nicely compared with those obtained by Ožbolt et al. (2013) carried 
out on the same specimen at room temperature. In that previous experimental study, the 
same concrete specimens characterized by the same geometry, constraints and loading 
conditions have been dynamically tested under similar displacement rates. The aim of the 
previous study was to experimentally verify the previous obtained numerical results 
(Ožbolt et al., 2011). On the basis of these successful tests, the experimental program was 
here extended to account also for the temperature effects, i.e. to investigate how concrete 
failure mode and resistance change at different loading rates as a function of temperature. 
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3.1.1.1 Experimental setup 
The plain concrete specimens have dimensions of 200 x 200 x 25 mm (length x height 
x thickness) with a notch depth and width of 64 and 18 mm, respectively, as shown Figure 
3.1. 
 
           
Figure 3.1  Geometry, constraints and loading conditions of the tested compact tension specimen. 
The concrete maximum aggregate size was approximately 8 mm and the specimens, 
casted at MPA Institute (Stuttgart), were cured for 7 days under relative humidity of 100% 
and constant temperature of 20 °C. After this time, the specimens were moved into a room 
with constant relative humidity at 60% and kept there for three weeks. Uniaxial concrete 
compressive strength was measured before the tests on three standard 150 mm cubes 
casted together with the concrete compact tension specimens (Table 3.1). 
Specimen 
 No. 
Weight 
(kg) 
Density 
(kg/m
3
)  
Compressive strength 
(MPa) 
# 1 7.245 2162.5 50.46 
# 2 7.338 2110.4 46.91 
# 3 7.118 2124.8 49.52 
Table 3.1 Tested cubic concrete compressive strength. 
A total number of 15 specimens were tested under different thermal and dynamic load 
combinations. The tests can be divided in two different stages: (i) the first corresponding 
to the heating of the specimens and (ii) the second in which the dynamic load is applied. 
In the first phase the concrete specimens were put into an oven and heated up to a fixed 
maximum temperature. In the experimental program two different levels of maximum 
temperature corresponding to 200 and 400 °C were investigated. In both cases a heating 
rate of 1 °C/min is followed and after reaching the maximum exposure, the maximum 
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temperature is kept constant for 90 minutes to assure uniform heat propagation through the 
specimens. Afterwards the specimens are let naturally cool down inside the oven and, only 
at the end of the process, the oven door was opened to allow the complete cooling of the 
specimen to the room temperature. Dashed lines in Figure 3.2 correspond to the not 
controlled cooling branches. Due to the relative small oven dimensions, the specimens 
were heated in group of four (Figure 3.2b). 
 
 
(a) (b) 
Figure 3.2  Thermal test setup: (a) applied thermal profiles, (b) employed oven. 
After thermal exposure the specimens were tested under dynamic loading. Two steel 
frames were glued on the notch concrete surfaces with the help of a two components 
reactive resin mortar (Würth WIT-VM200) suitable for attaching metal profiles and 
concrete elements. A thin layer of mortar was applied between steel and concrete surfaces 
  
(a) (b) 
Figure 3.3  Dynamic test setup: (a) employed steel frames and (b) machine-specimen-frames 
alignement durig the test.  
and let dry for four hours. Afterwards, the specimens together with the steel frames are 
mounted on the machine. One frame is employed as reaction and fixed at the top of the 
loading machine, while the bottom one is attached to the machine actuator for applying the 
desired displacement rate (Figure 3.3). The displacement rates, ranging between 40 and 
4000 mm/s, were applied with the use of a servo-hydraulic high speed tensile testing 
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machine (Instron machine) and they were provided at the bottom of the steel frame with a 
loading piston. 
Table 3.2 summarizes all the tested cases. Specimens named with the letter A were 
exposed to a maximum temperature of 200 °C and specimen corresponding to letter B to 
400 °C. For each displacement rate, at least a repetition of two tests was planned to assure 
the objectivity of the results. Only for the relatively low loading rate, characterized by a 
displacement rate of 40-45 mm/s, one single test was performed.  Moreover, in several  
Test 
name 
Max. 
Temperature (°C) 
Displacement rate (mm/s) Strain gauges 
application Target At contact 
A - 01 200 8000 3700 no 
A - 02 200 3000 1300 no 
A - 03 200 6000 3200 no 
A - 05 200 3000 1600 no 
A - 06 200 6000 3100 no 
A - 07 200 100 45 no 
A - 08 200 6000 3100 yes 
B - 01 400 100 40 no 
B - 02 400 6000 3000 no 
B - 03 400 3000 1300 no 
B - 04 400 8000 3800 yes 
B - 05 400 8000 4000 no 
B - 06 400 8000 3900 yes 
B - 07 400 6000 3500 yes 
B - 08 400 3000 1500 yes 
Table 3.2 CTS tested cases. 
tests strain gauges were also applied in the vicinity of the notch tip zone to measure the 
strain rate at the onset of cracking.  
The target displacement rate corresponds to the value of the displacement rate applied 
by the machine actuator at the bottom of the steel frame, while the displacement rate at the 
contact is that measured in correspondence of the concrete-steel notch surface. In fact, due 
to the presence of the steel frames and to the distance between the point of displacement 
application (loading piston) and the real point of load transfer (notch surface), these two 
values are not identical. The target displacement rate is the value employed as input for the 
loading history and it is applied by the operator. The displacement rate at the contact, 
instead, can be estimated from the displacement-time histories measured during each test 
by the optical extensometer (3.1.1.2). 
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3.1.1.2 Instrumentation 
In the high loading rate tests several sensors have been employed. The reaction histories 
were measured with the use of a load cell located in correspondence of the top steel frame.  
Vertical displacements were recorded by an optical extensometer (Zimmer OHG200 x5). 
As can be seen in Figure 3.4b, two optical marks have been attached to the top sample 
surface, one for each specimen part. The machine is able to record the position of the 
marks and to set it as initial value before the test starts. Afterwards, since the top steel 
frame is fixed and the displacement is applied at the bottom, movement of the bottom fork 
is observed and the vertical displacement is measured as relative opening between the two 
optical marks. To get reliable measurement, high contrast between the marks and 
background is required for detection of the mark edges. Therefore, illumination of marks 
on the specimen is a very important requirement for this type of measurements. For this 
reason, during all the tests two sources of high intensity light were employed to light the 
specimen. Moreover, highly reflective marks were also used. 
 
 
(a) (b) 
Figure 3.4  Vertical displacement measurement set: (a) optical extensometer with high intensity 
light and (b) high reflective marks mounted on the compact tension specimen.  
For the evaluation of the crack propagation velocity and to observe the crack patterns, 
two different cameras have been employed. One Photron Fastcam APX RS (Figure 3.5a) 
characterized by a maximum possible capability of registration over 50000 frames per 
second was used to study the crack propagation velocity in the zone near the notch tip (92 
x 46 mm), where the crack is expected to initiate. Additionally, another video camera was 
placed for the recording of the global cracking process of the whole compact tension 
specimen area (Figure 3.5b). 
In several tests the strain gauges were placed in the zone of the notch tip for evaluating 
the strain rate corresponding to the crack initiation for different level of applied 
displacement rate. It is important to note that, to realistically evaluate the strain rate at the 
crack tip, at the moment of the crack growing, the strain gauges have to be placed as near 
as possible to the location of crack propagation. Nevertheless, at the same time, the 
presence of the strain gauge should not influence the global specimen behaviour or the  
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(a) (b) 
Figure 3.5  Cracks measurement set: (a) Photrom High Sped Camera and (b) video camera.  
crack propagation through the concrete. For these reasons, during the high loading rate 
tests, it was decided to put three different strain gauges located 2-3 cm from the notch tip 
aligned on one single line orthogonal to the direction of the expected crack.  In fact, on the 
basis of the previous study carried out by Ožbolt et al. (2013), the crack directions for 
fixed loading rates were assumed to be approximately known. 
To avoid the influence of the strain gauges on the crack propagation, thin sensors were 
chosen. Ememe EP08-125AD-120 precision strain gauges with dimensions 10.2 x 5.6 mm 
were glued to the concrete specimen with a very thin layer of ethyl-cyanoacrylate rapid 
bonding adhesive (CN-E) suitable for plastic, metal as well as for composite materials 
(Tokyio Sokki Kenkyujo Co.). The strain gauges location and alignment and the global 
experimental setup with all the employed measurement systems is shown in Figure 3.6 
 
 
 
(a) 
(continued) 
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(continued) 
 
 
 (b) 
Figure 3.6  (a) Strain gauges location and detail in A-08 test; (b) test setup: front and back views. 
 
3.1.1.3 Experimental results 
Table 3.3 summarizes the measured reaction peaks and the corresponding type of 
failure (S = single crack, B = branching, // C = two parallel cracks). As already discussed 
in the previous section, with the name “contact displacement rates” are given the recorded 
displacements in time measured at the contact point between the steel frames and the 
concrete notch surface. These rates are calculated from the displacement histories obtained 
with the use of the optical extensometer and the reflective white marks (Figures 3.3a, b). 
Figures 3.7a, b show a comparison between the reaction histories for several contact 
displacement rates for selected tests of type A (maximum temperature exposure applied 
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before the dynamic test of 200 °C) and B (maximum temperature exposure of 400 °C). As 
shown by Ožbolt et al. (2013) for the undamaged concrete tension specimens (no prior 
thermal exposure), it is observed a reaction increment with the increase of loading rate 
(see Figure 3.7c). 
Test 
name 
Max. 
Temperature (°C) 
Contact 
displacement rate 
(mm/s) 
Peak reaction 
(kN) 
Crack 
profile 
A - 01 200 3700 5.30 B 
A - 02 200 1300 3.90 B 
A - 03 200 3200 5.20 B 
A - 05 200 1600 4.00 - 
A - 06 200 3100 2.60 B 
A - 07 200 45 2.30 S 
A - 08 200 3100 2.40 B 
B - 01 400 40 1.80 S 
B - 02 400 3000 1.30 B 
B - 03 400 1300 3.20 B 
B - 04 400 3800 3.10 B 
B - 05 400 4000 2.70 // C 
B - 06 400 3900 3.35 // C + B 
B - 07 400 3500 1.75 // C 
B - 08 400 1500 3.45 S 
Table 3.3 Results of the tested cases: reaction peaks and failure modes. 
This means that the loading rate strongly influences the resistance of the compact tension 
specimen. At low displacement rates the resistance is controlled by rate dependent 
constitutive law, however, at high rates, the inertia effects dominate showing an increase 
of resistance (Ožbolt et al., 2013). However, comparing the three sets of analyses without 
previous thermal exposure (undamaged specimen, Ožbolt et al., 2013) with two different 
level of previous thermal exposure (200 and 400 °C), some differences can be noted 
(Figures 3.7a, b). In particular, increasing the level of thermal exposure (from 20 to 200 
and 400 °C), the reaction peaks for similar loading rates become significantly lower. The 
reason of this effect can be traced in the progressive damage accumulation in the concrete 
specimen when the exposure level is enhanced. With the rise of the temperature, the 
material becomes more brittle, with an internal chemical composition change and storage 
of thermal strains, yielding to the formation of wider ad more extended microcracks 
smeared over the entire specimen. Hence, two specimens under the same dynamic loading 
rate, previously exposed to different thermal condition, show different reaction peaks. 
Furthermore, it is important to note that even if the reaction peak increases with the rise of 
the loading rate, this increase is much smaller when the temperature increases.  
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(a) (b) 
 
(c) 
Figure 3.7  Experimental reactions: (a) reaction histories for the specimens subjected to prior 
thermal exposure of 200 °C and (b) of 400 °C; (c) comparison of the reaction peaks at different 
displacement rates obtained in the three experimental sets, with and without prior thermal 
exposure (Ožbolt et al., 2013). 
Figure 3.7c shows the values of the reaction peaks as a function of the contact 
displacement rate (semi-logarithmic scale) for the three experimental sets. The trend lines 
have been added to highlight the behavior. As can be observed, for the undamaged 
specimens (Ožbolt et al., 2013) a clear strong rise is recorded for displacement rates higher 
than 1000 mm/s with maximum peaks almost 3 times the value corresponding to the lower 
loading rate test (React.peak3300mm/s / React.peak45mm/s = 2.7).  In the A test series (200 °C), 
the maximum peaks reached over 1000 mm/s is about 2.3 times the value at low rate 
(React.peak3700mm/s / React.peak45mm/s = 2.30).  Finally, for the experiment series B (400 
°C), the ratio is lower than 2 (React.peak3900mm/s / React.peak40mm/s = 1.8) and the 
corresponding trend line becomes almost linear.  This global behaviour nicely confirm the 
previous experimental (Anthony et al., 1970) and numerical studies (Ožbolt et al., 2014), 
which showed that brittle materials (e.g. glass) are much less sensitive to strain rate 
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compared to concrete and concrete-like materials.  In fact, as already mentioned (Section 
2.1.5.2), it is well known that concrete, when subjected to high temperature, exhibits a 
brittle behavior, characterized by a progressive degradation of mechanical properties. 
In Figures 3.8 and 3.9 several typical crack patterns obtained in the test series are 
reported for different loading rates. Figures 3.8a, c, as well as Figures 3.9a, c, e are photos 
taken at the end of the tests, after removing the samples from the machine. Figures 3.8b, d 
as well as Figures 3.9b, d, f instead, are obtained from the evaluation of the low motion 
video camera employed during the experiment for the evaluation of the crack profiles. As 
can be seen, if the two sets of photos a, b or c, d or e, f are compared, some more cracks 
can be noted in the a, c or e photos, as in the A-08, B-07, B-04, B-06 and B-05 tests. The 
main reason is that after the crack propagation the loaded part of the specimen (glued to 
the bottom steel frame) was generally detached from the frame support falling on the floor, 
especially at high loading rates. The impact with the floor generates further cracks that are 
not associated with the proper dynamic test but rather to the above described technical 
reason. 
As already discussed by Ožbolt et al. (2011, 2012, 2013, 2015) and Bede (2015), the 
crack profiles are strongly dependent on the applied loading rate. In both, A and B series, 
low displacement rates (lower than 1300 mm/s) lead to one single crack starting from the 
notch tip and propagating almost vertically through the specimen. After this rate, the 
branching phenomenon is observed for both experimental sets. In these cases the crack, 
starting always from the notch tip, splits in two parts with different inclinations.   
As discussed in Ožbolt et al. (2013, 2014), the crack branching is attributed to the 
inertia effects at the crack tip. Inertia can homogenize the material in the zone subjected to 
high strain rates forcing the crack to move away and split. The new cracks direction is 
related to the propagation of the loading wave in the damaged specimen, hence it´s a 
function of the geometry, material properties and test configuration as well. For the test 
series A (Figure 3.8), all the displacement rates larger than 1300 mm/s have shown a 
branching crack profile, with a deeper point of crack splitting compared to the undamaged 
set of experiments carried out by Ožbolt et al. (2013). Only test A-05 (1600 mm/s) showed 
a different crack pattern with two single cracks starting from different points near the 
notch tip and propagating in opposite directions. This type of failure was unexpected and 
quite anomalous for the here tested test set-up. For understanding the reason of this crack 
pattern, the slow motion video was carefully investigated and a small crack, most probably 
developed during the casting and growth during the heating of the specimen, was found at 
the place of top crack. 
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(a) 
   
(b) 
45 mm/s 1300 mm/s 1600 mm/s 
   
(c)   
   
(d)   
3100 mm/s 3200 mm/s 3700 mm/s 
Figure 3.8  Crack profiles for the A series (200 °C max. temperature): (a) specimens at the end of 
the tests respectively for 45, 1300 and 1600 mm/s contact displacement rates; (b) same profiles 
taken from the camera during the tests; (c) specimens at the end of the tests for 3100, 3200 and 
3700 mm/s contact displacement rates; (d) same profiles taken from the camera during the tests. 
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(a) 
   
(b) 
40 mm/s 1300 mm/s 1500 mm/s 
   
(c)   
   
(d)   
3000 mm/s 3500 mm/s 3800 mm/s 
 (continued)  
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(continued) 
  
 
(e) 
  
 
(f) 
3900 mm/s 4000 mm/s  
Figure 3.9  Crack profiles for the B series (400 °C max. temperature): (a) specimens at the end of 
the tests respectively for 40, 1300 and 1500 mm/s contact displacement rates; (b) same profiles 
taken from the camera during the tests; (c) specimens at the end of the tests for 3000, 3500 and 
3800 mm/s contact displacement rates; (d) same profiles taken from the camera during the tests; 
(e) specimens at the end of the tests for 3900 and 4000 mm/s contact displacement rates; (f) same 
profiles taken from the camera during the tests. 
Figure 3.9 shows the crack profiles for the tests B. For lower and medium loading rates 
(lower than 3500 mm/s) the profiles match with those obtained for the corresponding 
loading in the A-tests series. However, at high displacement rates (3500 and 4000 mm/s) 
the failure mode changes, switching from the standard branching to a crack pattern formed 
by two distinguished cracks propagating from two different points, one located exactly at 
the notch tip and the other close to the bottom concrete-steel frame contact point. The first 
crack at the notch tip starts to propagate through the specimen and immediately after the 
second crack, in the zone near the steel frames, opens. In one case corresponding to the B-
06 tests, characterized by a contact displacement rate of 3900 mm/s, the same “two single 
cracks” propagation phenomenon was observed, with in addition, multiple small 
branching crack growing from both main cracks. 
Similar to the A-05 test, B-08 test (1500 mm/s) exhibits an irregular crack pattern. 
Analyzing the videos and the cracked section, also here an anomaly was found out. In fact, 
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from the visual observation of the cracked section, a big aggregate (diameter larger than 
20 mm) could be clearly seen at the point where the crack changes direction, switching 
from inclined to vertical crack. The presence of the aggregate, characterized by 
dimensions comparable with the whole specimen thickness, influenced the crack 
propagation and prevents the branching. 
  
  
  
(a) (b) 
 
(c)  
Figure 3.10  Experimental crack propagation velocities in the notch zone, for different contact 
displacement rates: (a) A-series, maximum thermal exposure of 200 °C, (b) B-series, 400 °C and 
(c) for the undamaged specimen loaded at 4300 mm/s (Ožbolt et al., 2013). 
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From the high-speed camera measurement was possible to evaluate the crack 
propagation velocities at the initial phase, in the notch zone. For this type of analysis, all 
the photos taken for each test (the camera could record more than 50000 frames per 
second) have been evaluated frame per frame starting from the point of crack formation. 
The estimation of the time required for the crack propagation through a specified specimen 
length (crack length) was then employed to measure the crack velocity for different crack 
extension. The results obtained in both A and B experimental series are shown in Figures 
3.10a, b for similar loading rates. It is important to note that these types of measurements 
can represent only an estimation of the crack speed since they are strongly limited from 
the camera resolution and from the area of measurement, i.e. for some tests (especially in 
the A series) the crack branching was too deep and it was outside the recording window. 
For comparison, Figure 3.10c shows the results taken from Ožbolt et al. (2013) for the 
undamaged CTS (no previous high-temperature exposure) at high loading rate (4300 
mm/s).  As can be noted, the specimens heated at 400 °C exhibit for all analyzed cases 
much higher velocities than those obtained in the specimen heated at 200 °C, in the initial 
cracking zone and in the post branching part as well. Moreover, comparing the velocities 
obtained for the three sets (A, B and undamaged) at the highest loading rate, it is clear that 
the crack initiation speed increases with the increase of the temperature exposure. At 
higher temperature the material becomes more brittle than the original one. Due to the 
physical and mechanical changes, the bond region between aggregates and cement paste is 
much easier to break, hence the cracks encounter less resistance and the propagation 
velocities increase, like in case of very brittle material such as glass (Anthony et al., 1970). 
As already mentioned, in some of the performed tests (principally series B) strain 
sensors were located to measure the strain histories in the phase of crack initiation. In 
Figure 3.11 (B tests) are reported and compared the strain histories measured from the 
three installed strain gauges. From the plotted strain histories, it is possible to estimate the 
strain rate corresponding to the crack initiation calculated as the maximum slope of the 
ascending strain branch (dε/dt). However, to get reliable evaluation, ideally the crack has 
to pass exactly under the located strain gauge. In this way it would be possible to compute 
exactly the strain rate related with the crack propagation. As it can be seen from the plots 
in Figure 3.11, if the crack localizes far from the strain gauges, the measured strain is 
relatively low and almost no strain peaks are detected. Furthermore, to get the crack 
initiation strain rate, the strain sensors have to be placed almost attached to the edge of the 
notch tip.  Naturally these are ideal cases and in the tests they are both impossible to 
apply: (i) The crack direction was estimate from the previous results on the undamaged 
specimens (cannot pass exactly Ožbolt et al., 2013). In addition, the strain sensors are 
attached on particular foils which in turn are glued on the concrete specimen, hence they 
cannot be broken during the cracking process and the crack cannot pass through them; (ii) 
For the same reason, it is not possible to glue all the 3 strain gauges too closely to the 
notch edge. The combined resistance of the sensor matrix foil would force the crack to 
move away from the correct initiation point (notch tip), influencing the results of the tests. 
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Figure 3.11  Experimental strain histories for some B tests: B-08, 1500 mm/s; B-07, 3500 mm/s 
and B-06, 3900 mm/s. 
For these reasons, it was decided to locate the strain gauges quite near to the notch tip 
edge, always keeping some space from it. In addition, to get a realistic estimation, the 
strain rate has been calculated as the slope of the strain history measured from the sensor 
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nearest to the crack. Table 3.4 resumes the evaluated strain rates for some of the B test 
series. 
It can be noted that measured strain rates are relatively high, much higher than 
predicted for undamaged concrete specimen (Ožbolt et al., 2013), where the rates were in 
the range of 50 s
-1
. The reason is probably due to the fact that concrete was through the 
temperature damaged and therefore less tough. Consequently, the crack speed and strain 
rates are higher than in undamaged concrete. 
Test 
Displacement 
rate (mm/s) 
Sensor  
evaluation (n°) 
Strain rate 
(1/s) 
B – 07  1500 2 64.52 
B – 08 3500 1 155.4 
B – 06  3900 1 82.17 
Table 3.4 Results of the strain rate measurements on B series tests. 
 
3.1.1.4 Conclusions 
The effects of two different thermal exposures corresponding to maximum temperatures 
of 200 and 400 °C on the dynamic properties of concrete compact tension specimens have 
been studied.  Several loading rates ranging from low, medium and high were applied 
through a displacement control machine. During the experiments, reaction, crack profiles, 
crack propagation velocities, vertical displacements and strain histories have been 
measured and evaluated. Moreover, the results of the both test series have been compared 
with those obtained on a similar setup carried out on undamaged CTS (Ožbolt et al., 
2013). 
From the analysis of the test results, the strong influence of the precedent thermal 
exposure on the dynamic concrete properties was observed. From the previous work on 
undamaged CTS (Ožbolt et al., 2013) was evident that the concrete resistance (reaction) is 
directly correlated with the applied loading rate. A general behaviour characterized by a 
relative low increase for lower loading rates, followed by a progressive increase for higher 
loading rates was highlighted. Similar trends were also observed in the here discussed 
experiments. However, the results show that with the temperature increase, the increase of 
resistance due to the loading rate decreases, i.e. for temperature of 400 °C almost no 
increase of resistance is observed. The effect is related to the degradation of the 
mechanical concrete properties (Young modulus, compressive and tensile strength) at high 
temperature exposure. 
Similar conclusions can be drawn out from the evaluations of the crack propagation 
velocities obtained from the high-speed camera measurements. The brittleness of the fire 
exposed specimens can be identified analyzing the rise of the crack initiation velocities 
with the increase of the exposure temperature for each loading rate. 
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The change of the crack pattern is also observed for the B test series at very high 
loading rates (greater than 3000 mm/s). At these displacement rates the crack profile 
changes from the branching failure mode, observed for the case A, to a crack profile with 
two distinguished single cracks. 
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4. EXPERIMENTAL INVESTIGATIONS ON RC STRUCTURES 
 
4.1 RC slab and frame structures 
 
The experimental tests for the effect of thermo-dynamic combined load on RC slabs 
and frames were carried out in the Bhabha Atomic Research Center in India. The tests 
were performed in the framework of common German-Indian DFG-Project. The main 
purpose of the tests was to investigate the deformation and strength characteristics of RC 
structures under extreme loading conditions. Moreover, the experimental study was also 
used for the validation and verification of the numerical analyses performed using the FE 
codes MASA and CIF. 
In the experimental program a total number of eight reinforced concrete structures were 
tested under different loading conditions. Two tests were carried out on RC fire damaged 
frames and six tests on RC slabs with different thicknesses and combinations of thermal 
and impact loads. In Table 4.1 the tests with the corresponding loading conditions are 
summarized.  
In case of application of thermal load, the structures were heated up following 60 
minutes the ISO834 curve described as parametric fire in the Eurocode 2. After the heating 
phase, cooling of the specimen is provided before the application of impact load. Both 
frames were first exposed to fire and then dynamically tested under lateral impact applied 
with the help of a steel pendulum. Two of the slabs, one for each thickness, were firstly 
fire damaged and then impacted by a drop hammer (Slab 1 and Slab 2), while the 
remaining six slabs (from Slab 3 to Slab 8) were directly tested under incremental drop 
impact at ambient conditions varying the hammer characteristics (total weight and falling 
height).  
Specimen Description Geometry Thermal Load Impact Load 
Frame 1 standard     
Frame 2 standard     
Slab 1 200 mm thickness     
Slab 2 150 mm thickness     
Slab 3 200 mm thickness -   
Slab 4 200 mm thickness -   
Slab 5 150 mm thickness -   
Slab 6 150 mm thickness -   
Table 4.1 Set of reinforced concrete tests. 
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4.1.1 Reinforced Concrete Slabs 
 
4.1.1.1 Experimental setup 
The experiments were carried out on reinforced concrete slabs characterized by plan 
dimensions of 1700 x 2000 mm (Figure 4.1a). Two different reinforcement ratios and 
thicknesses corresponding to D = 200 and 150 mm were tested under variable impact 
conditions.  
 
(a)  
 
(b)  
Figure 4.1 Reinforced concrete slabs: (a) geometry and (b) reinforcement details (all in mm). 
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In case of D = 150 mm the reinforcement is provided in both directions with 8/150 
mm and for D = 200 mm with 10/200 mm (Figure 4.1b). In all cases clear cover was 25 
mm. 
 
Figure 4.2 150 mm reinforced concrete slabs after the casting (Parmar et al., 2014). 
Steel of grade Fe415 with yield stress of 415 MPa is employed for the reinforcement 
bars, while a M20 concrete (characteristic cubic strength equal to 20 MPa) was used. 
Since the specimens were casted in two different batches, material strength tests on 
concrete cylinders at ambient condition were carried out to measure the concrete 
properties for each employed concrete mixture (Tables 4.2 and 4.3). 
 Frame 1 Frame 2 Slab 1 Slab 2 Slab 3 Slab 4 Slab 5 Slab 6 
1
st
 Batch           
2
nd
 Batch               
Table 4.2 Casting batches. 
 
Specimen 
 No. 
1
st
 Batch 
(MPa) 
2
nd
 Batch 
(MPa)  
AC 1 19.7 25.4 
AC 2 18.0 23.1 
AC 3 16.8 23.5 
Mean value 18.2 24.0 
Table 4.3 Tested cylindrical concrete compressive strength and medium value at ambient 
condition. 
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In the tests different impact loadings were applied by changing the hammer weight and 
height or by applying multiple impact events. The global RC slab experimental program 
can be mainly divided in two sets:  
(i) in the first set two slabs, one for each thickness, are tested under the combined action of 
fire and impact load provided by one single drop (hammer weight of 588 kg) in the center 
of the slab for different falling heights;  
(ii) in the second set, the four remaining slabs are tested at ambient condition. Three slabs 
of the second set are impacted with multiple drops (three drops by 2.5 m height and 
different hammer weights) and one with one single drop. 
 In Table 4.4 all the loading cases are summarized. In the present work, only the cases 
corresponding to one single drop impact (Slab 1, Slab 2 and Slab 6) are numerically 
evaluated and compared with the experimental results. 
Specimen 
Description 
Thickness 
Thermal 
Load 
Impact Load 
Single 
Drop 
Multiple 
Drops  
Punch weight 
Falling 
height 
Slab 1 200 mm      588 kg 5 m 
Slab 2 150 mm      588 kg 3 m 
Slab 3 200 mm -     248 – 402 – 402 kg 2.5 m 
Slab 4 200 mm -     248 – 402 – 402 kg 2.5 m 
Slab 5 150 mm -     248 – 402 – 402 kg 2.5 m 
Slab 6 150 mm -    588 kg 3 m 
Table 4.4 RC slabs: tested loading cases. 
In case of thermo-dynamic load combination (Slab 1 and Slab 2), a two-phases test 
procedure was adopted for testing the RC slabs, which consisted of subjecting the slab (i) 
first to a standard fire exposure of 60 minutes allowing the complete cooling of the 
specimen and (ii) then to a high strain rate load applied with a punch impact in the center 
of the slab. 
During the fire exposure, the slabs were mounted into a frame which fits with the 
furnace opening and placed in vertical position. The slabs were exposed to fire on one 
face. For the Slab 2 (D = 150 mm) the fire-exposed and the impacted specimen sides 
coincided. However, for the Slab 1 (D = 200 mm), they were different with the impact 
point located on the not fire-exposed slab side. In both cases the applied heating time-
temperature curves induced maximum temperature levels of about 950 °C (for more 
details refer to section 2.1.1). After this time the diesel supply was cut off and the furnace 
door was slightly opened but the blowers were still kept on to avoid cracking of the 
refractory brick due to the sudden cooling (Parmar et al., 2014). 
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During the impact tests all slabs were supported with the help of a supporting structure 
(Figure 4.3) consisting of two steel frames, one below and the other above the slab.  
Additionally, a 42 diameter steel rod was welded on the top of the lower frame and the 
bottom of the upper frame to generate line contact and simulate simply supported 
conditions. Moreover, the supporting frame is rigidly anchored on the floor through steel 
columns (Parmar et al., 2014).   
 
(a) 
 
(b)  
Figure 4.3 Steel supporting structure eplozed during the impact test: (a) 3D sketch (Parmar et 
al., 2014), (b) 200 mm slab case. 
The impact on the center of the slab is achieved with the use of a steel punch designed 
to increase or decrease its weight by adding or removing standard weight circular plates 
from its head (Figure 4.4). All the plates were then tied together with bolts. The minimum 
mass corresponding to the only punch and one single plate welded to it was equal to 250 
kg. Further plates could be added in multiples of 154 or 369 kg. The punch was mounted 
on a quick release mechanism employed for dropping the hammer on the slab (Figure 4.5). 
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(a) (b) 
Figure 4.4 Punch details: (a) geometry (all in mm), (b) 3D view (Parmar et al., 2014). 
 
 
Figure 4.5 Test setup for the impact test (Parmar et al., 2014). 
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4.1.1.2 Instrumentation 
Through thermal and impact loading phases, a number of different types of sensors 
were employed for monitoring and recording data to be used to understand the structural 
failure processes and material deterioration, as well as to be compared with the results 
obtained from the numerical studies. 
Thermal load 
To measure the temperature distribution inside the RC slabs, thermocouples were 
located in different points during the fire exposure. A total number of 25 thermocouples 
were installed along the slabs thicknesses at 5 different plan locations (Points A, B, C, D 
and E, Figure 4.6).  
 
(a) 
 
(b) 
Figure 4.6 Thermocouples location for Slab 1 and Slab 2: (a) spatial and (b) thickness location. 
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Loc 1 corresponds to the thermocouple closest to the exposed side, while Loc 5 to the 
further one. All the thermocouples definition and location are listed in Table 4.5. 
Additional 9 thermocouples were used to measure the oven temperature distribution and 
were placed at 100 mm distance from the slab surface (Figure 4.7). An average profile was 
then obtained from the recorded 9 temperature histories and compared with the required 
curve according to ISO834 equation (2.1). 
Thermocouples Point A Point B Point C Point D Point E 
Loc   1 - 5       
Loc   6 - 10       
Loc 11 - 15       
Loc 16 - 20       
Loc 21 - 25       
Table 4.5 Thermocouples definition and location for the 150 and 200 mm fire exposed slabs. 
 
Figure 4.7 Location of  the additional thermocouples placed for the measurement of the thermal 
distributions inside the oven. 
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Impact load 
During impact tests further instrumentation was provided in order to measure 
accelerations, forces and strain at different locations. In the Slab 1, four load cells were 
mounted between the pedestals and the supporting structure to obtain the reaction-time 
histories during the impact. Location and 3D view of the mounted load cell are shown in 
Figure 4.8. 
  
(a)   (b) 
Figure 4.8 Load cell used during the impact test: (a) picture in situ and (b) 3D view (Parmar et 
al., 2014). 
High-Speed Camera (HSC) instrumentation with a frame rate of 1000 frames/s was also 
employed to measure the slab displacements and the velocities/acceleration of the punch 
during the fall. Stickers, used in combination with the HSC, were pasted on the hammer to 
obtain acceleration and velocity of the impacting body. In addition, an accelerometer was 
also attached to the punch to get acceleration histories. Furthermore, strain gauges 
characterized by a strain measurement capacity of 10000 samples/s/channel were glued on 
different slab locations. For the Slab 1 test, five strain gauges were used for monitoring 
strain parallel to the longer side (named “V”) and other five for the strain parallel to the 
shorter one (named “H”). Similar nomenclatures and locations were employed also for the 
Slab 2 and Slab 6 test. Further information about the exact strain gauge locations, 
numbering, etc. can be found in Parmar et al., 2014. 
 
Figure 4.9 Time of impact: image taken from the HSC (Parmar et al., 2014). 
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4.1.1.3 Experimental results for Slab 1 
Here the experimental measurements obtained from the described sensors are presented 
and discussed. The data are divided in two parts referring to the corresponding tests from 
which they have been evaluated (thermal or impact loading). As already discussed, the 
impact test is carried out on the already damaged slab, hence all data recorded during the 
impact tests take into account the material degradation, the decreased structural capacity, 
as well as the accumulation of damage due to the prior fire exposure. 
Thermal load 
During the fire exposure, nine thermocouples were placed at different points on the slab 
surface to monitor the spatial temperature time distribution reached inside the oven. Figure 
4.10 shows the different temperature time histories obtained from the nine thermocouples 
(for thermocouples location refer to Figure 4.7) in the heating and cooling process. As can 
be seen, the measured temperature-time histories agree well with the standard ISO834 fire 
curve.  
 
Figure 4.10 Comparison between  individual temperature time curves for the oven thermocouples 
and the standard ISO834 profile (Slab 1). 
A negligible scatter between the nine curves can be noted and it can be attributed to the 
location of the blowers inside the oven with respect to the thermocouple. The measured 
average profile (in blue, Figure 4.10) perfectly matches with that standardized. After 60 
minutes of heating the slab was cooled down. The irregular part of the cooling curve 
measured after around 100 minutes is related to the applied cooling procedure at the end of 
the fire exposure. In this phase the energy supply was cut off and the oven door opened 
but the blowers were still on. Only after few minutes they were also stopped and at this 
point the bricks started radiating heat introducing again heat in the system. 
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Figure 4.11  Temperature time profiles at five slab spatial positions (A, B, C, D and E) at different 
thickness depths (for the exact thermocouples location, refer to Figure 4.17 and Table 4.9).  
Figure 4.11 shows the temperature time curves monitored from the remaining 
thermocouples installed at 5 different locations (Position A, B, C, D and E, see Figure 
4.6). For each position 5 thermocouples were installed during the casting of the slab at 
different slab thicknesses. The exact thermocouple positions can be evaluated from Figure 
4.7 and Table 4.5. For the Position D only four temperature-time profiles are plotted since 
the thermocouples corresponding to Loc 20 did not work properly. 
From Figure 4.11 it can be seen that the peak of temperature at the slab surface slightly 
varies. The peaks affected from this variability are mainly those near to the exposed 
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surface (Loc 1, 6, 11, 16, 21 at about 10 mm from the exposed side) which show 
maximum temperature oscillations between 150-200 °C (Loc 1 and 6 compared to Loc 11, 
16 and 21). The thermocouples inside the section show approximately the same values for 
all the other locations.  This means that the variation is higher on the surface on one side 
of the slab and it is probably due to the vertical heat gradient inside the oven. In fact, 
position D and E show higher temperatures compared to A and B since they were located 
on the bottom of the oven, where the burners were installed. Even if the air temperature in 
the oven reached almost 950 °C, those reached in the RC slab are lower, with peaks of 
maximum 850 °C at 10 mm along the depth from the fire exposed surface. 
All curves exhibit similar trend with a temperature peak reached almost at the end of 
the heating phase, followed by a cooling branch characterized by a progressive 
temperature decrease. As expected, due to the low concrete thermal conductivity and high 
specific heat, the temperature profiles corresponding to the internal locations reached 
much lower peaks in longer time exposure, yielding to a slower heat penetration inside the 
slab core. Due to the slow progressive heat transfer, at the end of the heating phase the 
slab section is characterized by a not homogeneous temperature distribution and high 
thermal gradients, i.e. the locations close to the exposed surface are marked by high 
temperatures, while the others, much more inside, exhibit much lower temperatures. Same 
phenomenon can be observed for initial slopes corresponding to the heating branches at 
each location across the thickness. The heating rate is much higher and it acts immediately 
after that the heat is provided in Loc 1, 6, 11, 16 and 21. On the contrary, the 
thermocouples inside the section record a delay in the temperature rise, accompanied with 
a lower heating rate. This delay and rate decrease is progressive and it increases with the 
distance of the thermocouples from the fire exposed slab side. 
The analysis of the thermal profiles provides more insight into the concrete behaviour 
in the cooling phase. After the first 60 minutes of heating, the oven reached room 
temperature in approximately 400 minutes, however, after this time, inside the slab still 
quite high temperature levels were measured. Only after about 24 hours the temperature 
inside the specimen depth reached the ambient conditions. In addition, as can be observed, 
in the cooling stage different trends are observed in the thermal profiles recorded by the 
thermocouples located along the specimen depth. In the locations near the exposed face 
(Loc 1, 6, 11, 16, 21 a clear and immediate cooling branch with a very high cooling rate 
can be observed. On the other hand, moving into the slab, far from the fire exposure, the 
slope becomes less pronounced (Loc 2, 7, 12, 17, 22). In some cases, it becomes even 
equal to zero, i.e. a plateau characterized by constant temperature level can be noted in 
correspondence of the locations in the middle of the slab section (Loc 3 and 4, 8 and 9, 13 
and 14, 18 and 19, 23 and 24). The plateau can be attributed to the evaporation of the 
water (moisture) contained inside the concrete that consumed huge amount of energy 
(Zhai et al., 2016). Finally, the thermocouples at Loc 5, 10, 15, 20 and 25 show still an 
increase of temperature after the end of the heating phase, with maximum level reached 
after 300 – 350 minutes from the beginning of cooling. 
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Figure 4.12  Slab -1 (200 mm) exposed face after the thermal loading (Parmar et al., 2014). 
The surface of the exposed slab after the complete thermal loading is shown in Figure 
4.12. When concrete is exposed to fire, it changes the color (Huo et al., 2012) due to the 
chemical reactions which take place (Section 2.1.2). The change and the color tint is 
function of the mixture composition and in this case, it changed from grey to light grey 
with pinkish tint. The specimen suffered surface cracking on the heated side, but no severe 
explosive spalling was observed. Just few concrete fragments were subjected to relative 
small spalling on the bottom part of the exposed surface. 
Impact load 
After the thermal exposure the slab was tested under dynamic loading induced by a 
single drop hammer impact. As resumed in Table 4.4, for the Slab 1 test, a punch of 588 
kg weight was dropped on the center of the slab from the height of 5 m. These initial 
conditions leaded to an impact velocity of 9.75 m/s. The impact was induced on the 
unexposed side of the slab. 
The results of the tests are presented in terms of punch acceleration and velocity, strain 
measured on the impacted concrete side, and overall damage (front and rear face). 
Unfortunately, due to an error in the load cells data acquisition system, reaction-time 
history in case of Slab 1 test could not be recorded. For safety reason, as well to avoid the 
breakage of the sensor due to the possibility that the load could exceed the instrument 
limit, any load cell was placed on the striker for measuring the impact forces. 
Nevertheless, in the test, the High-Speed Camera was used to measure the punch vertical 
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acceleration during the impact phase. In addition, an accelerometer was located on the 
steel hammer. The both measured acceleration histories have been then filtered to remove 
eventual background noises and plotted in Figure 4.13. The monitored filtered 
accelerations are all similar, i.e. the acceleration measurement can be assumed to be 
reliable and they can be used to calculate the transient impact forces generated during the 
test (Figure 4.15a). 
 
Figure 4.13  Filtered accelation histories measured from the HSC and punch accelerometer. 
From the High-Speed Camera recording it is possible to obtain the punch velocity 
profile throughout the whole impact test (Figure 4.15b). Figure 4.14 shows the damage 
accumulation after the impact test in terms of global failure mode (Figure 4.14a) and crack 
propagation at the top (Figure 4.14b) and rear slab surface (Figure 4.14c). As can be seen, 
the top surface exhibited no crack development. Only the hole under the impact zone can 
be seen. Out of this region no other clear cracks are observed, i.e. the rest of the front slab 
surface is completely intact. On the contrary, on the rear side, circumferential as well as 
radial cracks with evident scabbing phenomena (taking place between the circumferential 
cracks) can be found. At the end of the impact phase, a huge part of the bottom concrete 
surface has been destroyed, with big and small material fragments launched all around. 
The propagation of radial and circumferential cracks on the bottom slab side is clear signal 
of punching shear behaviour accompanied by slab bending, which can be clearly pointed 
out analyzing the huge deflection of the bottom reinforcement. 
Owing to the higher punch velocity in the initial impact phase, the top reinforcement 
layer suffered much higher deformations in comparison with the bottom one, i.e. the 
punch penetration, localized in a very small region caused a clean cut of the top bar in the 
center of the slab. 
It should be noted that the results of the impact test are influenced also from the 
previous fire exposure applied at the bottom slab surface. Due to the prior temperature 
distribution through the slab section, the concrete strength as well as the Young modulus 
has been drastically reduced, leading to a strong material degradation characterized by a 
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lower structural loading capacity and a higher concrete brittleness. On the opposite, since 
the steel reinforcement has the capability to restore its properties during the cooling of the 
structure, the reinforcement bars were not influenced by the thermal exposure and in the 
last impact stage, they could easily resist punching. 
 
 
(a) 
  
(b)   (c) 
Figure 4.14  (a) Damage extension at the end of the impact test; details of the (b) top and (c) rear 
slab surface (Slab 1) (Parmar et al., 2014). 
The damage evolution and the history of the punch progress into the reinforced 
concrete slab can be tracked down by the hammer velocity analysis (Figure 4.15b). The 
initial velocity at the impact corresponds to 9.75 m/s and it progressively decreases during 
the perforation, due to the concrete and reinforcement resistance to the punch penetration. 
As can be observed from the velocity trend, in the initial phase, when the punch velocity is 
still elevated, the slope of the curve is very high because the concrete cannot oppose so 
strongly to the hammer penetration. However, the hammer impacts against the first 
reinforcement layer and the progress of the punch into the slab slow down, leading to a 
decrease of the velocity profile slope. In the last phase of the process, after almost the 
complete slab penetration, the punch impacts against the second reinforcement layer. At 
this point the impact energy has been practically completely dissipated by the perforation 
of the specimen and the corresponding residual punch velocity is very low, i.e. the punch 
TOP REINF. 
BOTTOM REINF. 
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has not enough energy to break the second steel layer and it remains stuck in it, as shown 
in Figure 4.14c. 
  
(a)   (b) 
Figure 4.15 Profiles obtained from the evaluation of the High Speed Camera measurements: 
(a) impact forces (from accelerations) and (b) punch velocity. 
Figure 4.16 reports the data obtained from the strain gauges. Ten strain gauges were 
pasted on the impacted side of the slab in 5 different spatial locations (Figure 4.16a). 
Strains in both directions were recorded during the impact test. The “V” (vertical) is used 
to indicate the strain gauge placed parallel to the longer slab side, while “H” (horizontal) 
for the strain gauges parallel to the shorter one. In Figure 4.16b, c the strains for only two 
locations are shown (SG1 and SG2), for both horizontal and vertical directions.  
 
 
 
 
 
 
(a) 
(continued) 
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(continued) 
  
(b)   (c) 
Figure 4.16 Strain-time histories: (a) strain gauges location on the bottom concrete slab surface, 
(b) strain history on strain gauge 1, (c) strain history on strain gauge 2. 
Additional information and measurements can be found in Parmar et al., 2014. All 
plotted trends are very similar, with a very high initial peak strain followed by residual 
strains in both directions. Data related to the strain gauge 3 are not available because the 
sensor went destroyed during the test. 
 
4.1.1.4 Experimental results for Slab 2 
Similar as shown for the Slab 1 in Section 4.1.1.3, here are discussed results for the slab 
with D = 150 mm (Slab 2). As in the previous test, prior to the impact load the slab was 
exposed to standard fire.  
Thermal load 
To assure the standard ISO834 curve level exposure for one hour of heating, nine 
thermocouples were placed on the slab surface for measuring the air temperature 
distribution inside the oven (Figure 4.17). Same considerations already mentioned for the 
Slab 1 can be extended to the current experimental case, i.e. the small scatter between the 
nine temperature-time curves is related with the vertical heating position and the relative 
burners location inside the oven. This time, to avoid the heat migration from the refractory 
bricks after the turning off of the blowers in the cooling phase, the oven door was opened 
much more in comparison with the previous fire test, leading to a slightly higher cooling 
rate. Additional thermocouples have been installed through the slab section depth at 
different locations as for the Slab 1 (locations are shown in Figures 4.6a, b. Unfortunately, 
some thermocouples (TC 10 at position B, TC 20 at position D and TC 21 at position E) 
were damaged during the casting of the specimen, hence they could not be used for the 
measurement of the temperature distributions. 
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Figure 4.17 Comparison between  individual temperature-time curves for the oven thermocouples 
and the standard ISO834 profile (Slab 2). 
As can be seen from Figure 4.19 the temperature-time curves through the section are 
very similar to those obtained for the slab with thickness of 200 mm. Average maximum 
temperature peaks measured in the locations closer to the exposed side correspond to 
about 600 °C. The peak values are slightly lower compared to Slab 1 (average value about 
700 °C), mainly because in case of Slab 1 the position of the first layer of thermocouples 
(loc 1, 6, 11, 16 and 21) was located at 10 mm into the slab from the exposed side. In this 
case (Slab 2) instead, they are placed 20 mm into the section from the exposed surface. 
 
Figure 4.18 Slab 2 (150 mm) exposed face after the thermal loading (Parmar et al., 2014). 
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Figure 4.19 Temperature time profiles at five slab spatial positions (A, B, C, D and E) at different 
thickness depths (for the exact thermocouples location, refer to Figure 4.17 and Table 4.9). 
The tested slab at the end of the cooling process is shown in Figure 4.18. As can be 
seen, the specimen exhibits severe surface cracking, i.e. many cracks appeared and 
propagated over the exposed slab surface (here the major cracks are highlighted in black). 
As for Slab 1, also here the concrete colour changed from grey to light grey with shades of 
pink and light brown. No evident spalling was observed after the oven was turned off. 
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Impact load 
At the end of the thermal phase, once that the specimen was completely cooled down, 
impact test was performed. Identical procedure with the same experimental tools and 
sensors were employed. The steel punch impacting on the center of the slab was 
characterized by a weight of 588 kg and the dropping height was set equal to 3 meter. 
Under these conditions, a hammer initial impact velocity of 7.67 m/s was reached. 
Furthermore, differently from the previous case (Slab 1), the impact was induced on the 
exposed side of the slab. 
The slab failure and the damage extension are very similar to those obtained in the 
previous test, i.e. the hammer passed through the slab. During the penetration the first 
reinforcement layer was cut out and pushed over the perforation hole. The last impact 
phase, corresponding to the hammer impact against the second reinforcement layer, 
yielded to the bending of the bottom bars and complete scabbing of the bottom slab face, 
with concrete fragments launched in the surrounding region. Figure 4.20 shows the 
damage at the top and bottom of the slab.  
  
(a)   (b) 
Figure 4.20  Photos taken at the end of the impac tests for the case Slab 2: (a) top and (b) bottom 
specimen surfaces (Parmar et al., 2014). 
Comparing these photos with those taken on the top and rear surfaces for the Slab 1 
(Figures 4.14b, c), it is clear that the two cases are very similar. Nevertheless, some small 
differences can be noted comparing the extension of the concrete damaged area. In Slab 1 
the entrance crater, on the top surface, is smaller and the area is more precise and well 
outlined. On the other hand, here the damaged zone is more extended and the borders are 
irregular, with some cracks which develop from the impacted region and shortly propagate 
through the surrounding area. However, observing the resulting bottom surfaces, the 
opposite trend is observed. The Slab 1 exhibits a more extended damaged area with more 
pronounced bending effect on the reinforcement bars compared with the resulting damage 
of Slab 2. Note that the reinforcement has a different spacing in the two slabs and it  
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Figure 4.21 Punch velocity profile for the Slab 2 obtained from the acceleration measurement. 
 
(a) 
  
(b)   (c) 
Figure 4.22 Strain time histories on the top concrete slab surface at three different strain gauges 
locations (1, 2 and 3): (a) spatial location (Parmar et al., 2014), (b) horizontal and (c) vertical 
direction (Slab 2). 
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corresponds to 200 mm in Slab 1 and to 150 mm in Slab 2, i.e. the exit crater profile is in 
the first case more extended than in the second one. The reason for this is predominantly 
related to the fact that the slabs have been subjected to different coupled thermal-impact 
conditions. The first slab was heated at the bottom side and the second at the top side, 
whereas the hammer impact was in both cases at the top side. 
Figure 4.21 shows the velocity history of the punching hammer. The profile is obtained 
from the acceleration history recorded with the use of the High-Speed Camera. As in the 
previous case, the curve trend exhibits a global progressive velocity decrease as the steel 
hammer penetrates into the slab, starting from an initial velocity at the impact point (time 
= 0.0) corresponding to 7.67 m/s. 
Strain measurements were obtained placing strain gauges at both vertical and horizontal 
direction at different locations. A total number of 24 strain gauges were pasted on the 
bottom and top concrete surfaces to get the concrete deformation in both directions. In 
Figure 4.22 strain histories obtained from three different strain gauges located on the 
concrete top surface are compared for horizontal and vertical spatial directions. As can be 
seen, strain peaks are recorded in horizontal direction even if the residual ultimate 
deformations are very similar for both directions. Moreover, the strain peaks decrease with 
the increase of the strain gauges distances from the impact zone (center of the slab). 
 
4.1.1.5 Experimental results for Slab 6 
Impact load  
Differently to the Slab 1 and Slab 2 tests, which were first thermally and then 
dynamically loaded, Slab 6 (D =150 mm) was tested only by hammer impact. Same initial 
conditions as for Slab 2 were given to the steel hammer, i.e. punch total weight of 588 kg 
and falling height of 3 meters leading to an impact velocity of 7.67 m/s. During the test, 
the High-Speed Camera was used for measuring the displacement of the top slab surface. 
The positions of the monitored points were marked with the use of stickers pasted on the 
surface at distance of 100 x 100 mm. For this test the amount of monitored strain gauges 
was increased, adding some sensors also in correspondence of the top and bottom 
reinforcement layers. In total 12 strain gauges were installed at 6 different locations on the 
top slab surface to record strain time histories in both spatial directions (V and H, as 
shown in Figure 4.16). Moreover, 18 further sensors were pasted during the casting of the 
slab on the reinforcement grids (9 for the top and 9 for the bottom layer). In Figure 4.23 
(a) and (b) the spatial strain gauges locations are shown. In case of strain gauges on steel 
bars, SG n° 7, 8, 11, 12 are placed on the top reinforcement layer and all other on the 
bottom.  Figure 4.24 shows the resulting strain time histories obtained from SG 1, 2 and 3 
pasted at the top concrete slab surface. The results are plotted for the horizontal and 
vertical directions and compared.  
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(a)   (b) 
Figure 4.23 Spatial strain gauges locations: strain gauges installed on (a) concrete top surface 
and (b) on reinforcement layers (Parmar et al., 2014). 
As for the Slab 2, very similar trends are obtained, with higher strain peaks reached in 
the horizontal direction with resulting permanent deformations in the zone near the impact 
point (SG 1 and 3). Far from the impact zone (SG 4) instead, quite low transient 
deformations are measured with almost no evident residual strains. Strain time histories 
between Slab 2 and Slab 6 for the same strain gauges locations are compared in Figure 
4.25. The six curves are characterized by a similar trend with a strain peak immediately 
after the impact, followed by oscillation of lower amplitude, which progressively decrease 
until the value corresponding to the permanent residual deformation at the end of the 
impact.  
  
(a)   (b) 
Figure 4.24 Strain time histories on the top concrete slab surface at three different strain gauges 
locations (1, 3 and 4): (a) horizontal and (b) vertical direction (Slab 6). 
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The histories recorded for the Slab 2 exhibit much higher peak and residual strain 
values, almost 10 times those obtained from the Slab 6, even if the slabs and impact 
conditions are the same. The reason for this difference can be attributed to the pre-impact 
thermal damage; i.e. Slab 2 was exposed to fire at the top surface. The thermal exposure 
followed by the natural cooling of the specimen, yielded to a global damage accumulation 
mainly concentrated at the exposed side of the slab.  
 
Figure 4.25 Strain time histories on the top concrete slab: comparison between Slab 2 and Slab 6 
test case for three identical strain gauge locations. 
The results for the Slab 6 impact test are further evaluated in terms of failure mode and 
damage propagation. Figure 4.26 shows the RC slab damage profile at the end of the 
impact test, with damage at the top and bottom slab surfaces. The concrete slab failure in 
this case (Slab 6), where only impact load is provided, is different from that observed for 
the same geometry and dynamic conditions (Slab 2) where the RC slab was exposed to fire 
before the impact. Here the steel punch stopped inside the slab, between the top and the 
bottom reinforcement layers without passing completely through the slab and pushing the 
bottom bars (Slab 2). Moreover, the top entrance crater is very similar to that obtained for 
the Slab 1 with clear shape definition and no evident additional damage propagation. The 
shape of the craters in the two tested cases (Slab 1 and Slab 6) are similar, even if the Slab 
1 was characterized by fire exposure prior to the impact test. During the impact test, also 
the bottom concrete surface was damaged and scabbing phenomena occurred with 
concrete fragments expelled from the side. However, the area of the scabbed region 
(bottom concrete surface) is in this case much lower than in case of Slab 2 and some large 
concrete pieces remained attached (blocked) on the bottom reinforcement layer without 
violent ejection from the bottom slab face. This was mainly due to the fact that the total 
impact energy was dissipated during the partial initial perforation of the slab and breaking 
of the top reinforcement. Here the specimen was dynamically tested in undamaged 
conditions, i.e. without prior damage accumulation due to the fire exposure. This means 
that both concrete and steel are not affected by any property degradation, hence the 
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material has higher structural resistance and it can oppose much more to the punch 
penetration in comparison with what was observed for Slab 2. 
  
(a) 
  
(b)   (c) 
Figure 4.26 Slab damage profile: (a) at the end of the impact test; details of (b) top and 
(c) bottom slab surface (Parmar et al., 2014). 
 
4.1.1.6 Conclusions 
The effects of fire exposure prior to impact load on reinforced concrete slabs, 
characterized by two different thicknesses (200 and 150 mm), are experimentally 
investigated. Thermal load is provided on the base of the ISO834 fire scenario (1 hour) 
followed by natural cooling of the specimen. Impact load is applied with the use of a steel 
punch dropped to the center of the slab from a pre-defined height. Various initial impact 
conditions and thermal exposure surfaces were tested and compared. The results of three 
tests, with and without thermal exposure prior to the impact loading, were evaluated in 
terms of failure mode, damage propagations, strain-time histories at different locations and 
punch velocity-time histories.  
As expected, it is shown that the thermal exposure has significant influence on the 
global structural behaviour and structural loading capacity, as well as on the crack 
propagation and failure mode.  The material degradation, especially in case of concrete, 
where compressive strength, tensile strength and elasticity modulus are drastically reduced 
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if the temperature level exceeds 200 °C, was very strong and it leaded to an increase of the 
peaks and residual strains and a lower load capacity. 
Since cooling of the specimen was allowed and steel has the capability to restore its 
initial material properties after complete cooling, steel reinforcement layers appeared not 
influenced from the thermal load. On the contrary, concrete was damaged during the 
heating/cooling phases and during the impact test (Slab 2). This leads to overall 
degradation of slab performance in case of impact load. Even if all test conditions were 
identical, for Slab 2 and 6, different failure modes and peak/residual strains were 
observed. 
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4.1.2 Reinforced Concrete Frame  
 
4.1.2.1 Experimental setup 
Tests on two fire exposed reinforced concrete frames were carried out (Frame 1 and 
Frame 2). The two frames are identical and they have been tested under the same 
conditions. The only difference is the concrete material class. RC frames have been casted 
in two different batches, hence the resulting concrete properties, e.g. characteristic 
compressive strength, are not the same (refer to Tables 4.2 and 4.3). Here are discussed the 
results obtained only for the Frame 1, that has been also numerically analyzed. 
The material properties coincide with those already described for the Slab 1 test, with a 
concrete class M20 (characteristic cube strength of 20 MPa) and a steel grade Fe415 
characterized by yield stress of fyk = 415 MPa. The frame was designed for medium duty 
industrial occupancy and all members were designed for two hours fire exposure. Since 
the size of the oven employed during the fire expose has limited sizes, the frame has been 
scaled down to 1:2 in terms of dimension and reinforcement area. 
 
(a) 
(continued) 
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(continued) 
 
(b) 
Figure 4.27 RC frame dimensions: (a) plane dimensions and (b) section AA with reinforcements 
details (all in mm). 
The frame dimensions and the reinforcement details are shown in Figure 4.27. The 
length/width is 1750 x 1750 mm and the height 1500 mm (footings excluded). Footings of 
450 x 450 x 200 mm, interconnected with strap beams, were employed for anchoring the 
frame during the impact test. Frame main beams of 100 x 150 mm cross section were 
reinforced with 2-8 both in compression and tension zones. Additional shear 
reinforcement was provided in terms of 6 stirrups with spacing of 100 mm. Columns, 
characterized by a cross section of 150 x 150 mm, were reinforced with 4-8 and stirrups 
6 with spacing of 100 mm. The top slab of 70 mm thickness was reinforced with 8 mesh 
reinforcement, spacing 80 mm. Figure 4.28 shows details of the reinforcement inside the 
main structural elements: columns, slab and beams. 
The loading phases, for both frames were similar as in case of slab tests. They were 
designed as two stages test: one thermal, with fire exposure following to the ISO834 
standard curve and one impact test performed after the complete cooling of the frame.  
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(a)   (b) 
 
(c) 
Figure 4.28 RC frame reinforcement details: (a) beam, (b) column and (c) slab (all in mm). 
To perform the fire test, the frame was mounted on the oven trolley and then moved into 
it. As for the slabs, the temperature time curve applied during the thermal test was applied 
on the base of the ISO834 curve for one hour reaching maximum air temperature of 
approximately 950 °C. After that the specimen was cooled down with a relatively fast rate 
of 500 °C/hr. Each surface of the frame structural member was exposed to fire. However 
the top slab surface and the 4 footings were thermally isolated with the use of isolating 
foam. 
  
(a)   (b) 
Figure 4.29 System of anchorage employed during the frame lateral impact test: representation of 
(a) the frame anchored on the steel structure and of (b) the anchorage system with the 
correspondent employed bolts (Parmar et al., 2014). 
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In the second stage, lateral impact test is performed with the use of a steel pendulum let 
free to move from an initial impact angle of 23°. For getting the correct structural 
response, the frame foundation has to be constraint during the impact load, i.e. an 
anchorage structure was designed to fix the frame on the floor before performing the later 
impact. The frame was first anchored to the steel supporting structure with 16 M16 bolts 
(four for each footing), which in turn was anchored to the floor with 8 M36 bolts as shown 
in Figure 4.29. 
 
Figure 4.30 Experimental setup for the impact test on fire-damaged RC frame (Frame 1), 
(Parmar et al., 2014). 
 
4.1.2.2 Instrumentation 
Thermal load 
Since during the thermal test on Frame 1, no temperature-time histories could be 
evaluated on the beams due to some errors, for the thermal distributions, the results 
obtained in the Frame 2 test are shown, discussed and then compared with those achieved 
in the numerical simulation. In fact, as already discussed in section 2.1.5.1, the main 
concrete thermal properties (thermal conductivity, specific heat and thermal diffusivity) 
are principally influenced only by the aggregates type and moisture content. Hence, the 
temperature measurements carried out on Frame 1 and Frame 2, which are identical except 
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for the material strength, can be compared and they should give similar results in terms of 
thermal distributions inside the sections of the frame structural elements. What cannot be 
compared is the failure mode and cracks propagation linked with the above-mentioned 
temperature-time histories. Here, the material tensile and compressive strengths as well as 
the elasticity modulus, have an important role on the temperature induced damage. For 
measuring the air temperature into the oven, 5 thermocouples were located one in the 
center of the frame and one at the center of each bay, as shown in Figure 4.31.  
Additionally, to check the temperature along the frame height, three thermocouples were 
installed on one column (locations H1, H2, H3). 
 
Figure 4.31 Oven thermocouples locations for the Frame 1 test (Parmar et al., 2014). 
Furthermore, 80 thermocouples were installed to measure the temperature 
distributions across the beam, column and slab sections. In particular three columns (C1, 
C2 and C3) were instrumented in two different cross sections, one near the footing (Loc I-
C2, 310 mm from the top footing surface) and the other one in the middle section (Loc II-
C2, 310 mm from the top footing surface). Inside each of these sections, several 
thermocouples are placed at different depths to monitor the thermal distribution inside the 
column, in particular to check the differences between the core and the external 
temperature distribution histories. Sensor were located also into the beam cross section. In 
detail, two beams (B4 and B1) were instrumented each at two sections, one near the 
column (II and III) and other two in the middle sections (I and IV). Finally, thermocouples 
were placed in the slab section at three locations along the diagonal connecting columns 
C1 and C3. For each of these locations, 4 sensors were installed along the depth (TC1 to 
TC4 at S3, TC5 to TC8 at S2 and TC9 to TC12 at S1). Figure 4.32 shows all the above-
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mentioned locations into the frame and some detailed thermocouple positions for one 
location for each structural element. 
 
(a) 
 
 
(b)   (c) 
 
(d) 
Figure 4.32 Locations of some of the thermocouples installed in Frame 2: (a) TC spatial 
locations, (b) TC cross beam section (section I), (c) TC across column section (Loc II-C2), and 
(d) TC across slab (section  S2) (all in mm). 
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Impact load 
After thermal exposure (heating and cooling phase), the reinforced concrete frame was 
tested under lateral impact load applied with the use of a steel pendulum of mass 2500 kg. 
Frame 1 was tested for two recurrent pendulum impacts with 23° and 14° swings. In this 
work, only the measurements and the damage evolution obtained after the first impact of 
23° swing angle are presented and compared with the numerical analyses. For more details 
see Parmar et al. (2014). 
Accelerometer Location Distance from slab top Face 
A1 column C1 380 mm towards pendulum 
A2 column C1 900 mm towards pendulum 
A3 column C2 450 mm towards pendulum 
A4 pendulum - outer 
ACC 11255 column C2 260 mm inner 
ACC 11241 column C2 720 mm inner 
ACC 11268 column C3 100 mm outer 
ACC 11233 column C3 600 mm outer 
ACC 11258 column C4 90 mm outer 
ACC 11253 column C4 670 mm outer 
ACC 11251 beam C4-C3 - outer 
Table 4.6 Accelerometers definition and location for Frame 1. 
 
Figure 4.33 Graphical representation of the accelerometers locations (Frame 1). 
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As for the tests carried out on RC slabs, several sensors were installed in different 
frame locations for monitoring accelerations, displacements and strain histories. During 
the test 10 accelerometers were placed on columns and beam sections. All the four 
columns were instrumented with acceleration sensors at least in two positions 
corresponding to the joint and middle column sections. Table 4.6 and Figure 4.33 show 
the exact accelerometers locations. Additionally, one sensor was located on the pendulum, 
on the outer middle section to monitor the impact acceleration history.  
High-Speed Camera with a frame rate of 1000 frames/s was used to obtain velocity and 
displacement histories of several points, both on concrete frame and steel pendulum. In 
detail, location from 1 to 11 were pasted on one side of the RC frame (columns C1 and C4 
and beam B4), with locations 1 and 11 placed near the footing, locations 2 and 10 at the 
middle column section, locations 3 and 9 near the column-beam joints and locations 4, 5, 
6, 7, 8 height in correspondence of the beam. Locations 12, 13 and 14 were glued on the 
pendulum at three different heights. 
 
Figure 4.34 Stickers locations for the HSC on Frame 1 and pendulum (Parmar et al., 2014). 
Additional instrumentation during the impact tests included also 40 single element 
strain gauges mounted on the frame surface at several locations on columns, beams and 
slab top and bottom side. Table 4.7 summarizes the sensor positions: strain gauges from 1 
to 21 and from 30 to 32 are pasted on columns surfaces orthogonal to the impact direction, 
SG from 22 to 27 are glued on the bottom beams (B4 and B2) surfaces while SG 28 and 
29 on the bottom slab surface and SG from 33 to 40 are mounted on the top slab surface. 
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SG Name 
Member 
Location 
Distance 
(mm) 
From top 
slab surface 
From outer 
column surface 
(C1, C2) 
Member 
Side 
3, 6, 19, 30 C2, C1, C3, C4 250   -  Outer 
2, 5, 20, 31 C2, C1, C3, C4 750   -  Outer 
1, 4, 15, 18 C2, C1, C3, C4 1350   - Outer 
7, 10, 13, 16 C2, C1, C3, C4 250   -  Inner 
8, 11, 14, 17 C2, C1, C3, C4 750   -  Inner 
9, 12, 15, 18 C2, C1, C3, C4 1350   -  Inner 
22, 25 B2, B4 300 -   Bottom 
23, 26 B2, B4 875 -   Bottom 
24, 27 B2, B4 1450 -   Bottom 
28 Slab 300 -   Bottom 
29 Slab 1450 -   Bottom 
33, 36 Slab 300 -   Top 
34, 37 Slab 875 -   Top 
35, 38 Slab 1450 -   Top 
40 Slab 300 -   Top 
39 Slab 1450 -   Top 
Table 4.7 Strain gauges locations for Frame 1. 
 
4.1.2.3 Experimental results for Frame 1 
Thermal load 
The air temperature distributions recorded at five oven thermocouples are plotted and 
compared in Figure 4.35 together with the average measured and the required profiles 
(standard ISO834 curve). A spatial variation inside the oven can be observed, with a 
higher temperature level in the zone near the back of the furnace and a lower one near the 
door. Additional measurements obtained from other thermocouples placed on one column 
at three different heights show that even along the frame height a vertical thermal variation 
was present (burners are located in the bottom part of the oven). The different regions of 
the RC frame were subjected not exactly to the same thermal exposure, i.e. small 
variations were observed both, along horizontal and vertical frame directions. 
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Figure 4.35 Comparison between  temperature time profiles for the oven thermocouples and the 
required curve (ISO834 curve + heating) (Frame 2). 
Temperature distributions along specimen depth for different structural elements are 
plotted in Figure 4.36. In the present work, the distributions are shown only for three 
typical sections, one for each frame member (beam, column and slab). Additional thermal 
profiles can be found in Parmar et al. (2014). Analyzing the curves, the same trends 
already observed for the thermal distributions across the slabs sections (sections 4.1.1.3 
and 4.1.1.4) can be noted. As in the previous cases, the thermocouples located at the 
element outer surfaces (TC 40 for the beam section, TC 46 for the column and TC 12 for 
the slab) directly subjected to the fire exposure, exhibit much higher temperatures and the 
peak is recorded at the end of the heating phase (at about 60 minutes). After this point the 
external air temperature, as well as the monitored temperatures at those thermocouples, 
decrease following approximately the cooling branch. Different behavior is noted for the 
thermocouples installed inside the concrete sections, i.e. inside the section the temperature 
peaks progressively reduce and the heating slopes become lower with the maximum 
temperature levels reached during the cooling phase.  
Comparing the three plots Figure 4.36a, b and c, a small difference in the global trend 
can be observed for the column case. In fact in the column section, contrary to the beam 
and the slab sections, the temperature-time profiles look much more similar one to each 
other, in both heating and cooling phases, with similar slopes and maximum peaks which 
differ for less than 100 °C. This behaviour is not due to the element geometries which are 
almost the same (beam section 150 x 100 mm, column 150 x 150 mm) but rather to the 
exposure conditions. In the columns all the four sides were fire exposed. On the other 
hand, for the slab and beam section, respectively, only one and three sides were exposed. 
Due to the presence of the isolation layer at the slab surface, the heat transfer is lower, 
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(a) 
 
(b) 
 
(c) 
Figure 4.36 Thermal distributions inside the main frame structural members: (a) beam section I, 
(b) column C2 section II and (c) slab location S1 (Frame 2). 
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leading to higher temperature differences in the single thermocouples. Due to this, 
especially in the cooling stage, different locations on the same slab and beam section are 
subjected to variable thermal gradients with high thermally induced stresses.   
Figure 4.48 shows the crack pattern obtained at the end of the thermal test, i.e. after the 
complete cooling of the frame. As can be noted, the global structure exhibited a change of 
color passing from grey to light grey with yellow and pink tone. In the columns, near the 
footing, were the temperature levels were higher, stronger accumulation of damage and 
change of color is observed with an overall crack propagation smeared on the entire 
member in terms of both horizontal and vertical cracks (Figure 4.37b). Additionally, after 
the fire exposure, small scabbing of the frame edges is observed with pieces of concrete 
expelled from the surfaces.  
 
(a) 
  
(b) (c) 
Figure 4.37 Damage accumulation at the end of the fire test (Frame 1): (a) global frame, details 
(b) of the column and (c) of the beam-colum joint (Parmar et al., 2014). 
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Large cracks were noted also in the joint region of beams and columns (Figure 4.37c). 
Due to the concrete thermal expansion, columns and beams were subjected to visible 
bending as can be seen from Figure 4.37a. Same structural global behaviour with 
prominent cracking in columns, joints and some bending cracks visible in the mid span 
region of the beams was highlighted also in the Frame 2. 
Impact load 
Impact test is performed on the already through fire damaged RC frame. In Figure 4.38 
the acceleration history coming from the accelerometer 4 mounted on the base of the steel 
pendulum is plotted. From the global signal the rebounding phenomenon can be noted. 
The first rebound as expected, is the strongest and it achieves an acceleration peak of 
almost 25g in the impact point. The second and third rebounds, instead, exhibited much 
lower peaks of, respectively, 6 and 2g. Hence, the first impact can be considered as 
dominant and responsible for almost all the damage accumulated during the impact test. 
  
  
Figure 4.38 Acceleration history measured from accelerometer 4 mounted on the pendulum; full 
signal and zoom on each rebound, 
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From the High-Speed Camera measurements, it was possible to obtain the horizontal 
displacement time histories at different points on the frame. As can be seen from Figure 
4.34, during the impact 11 locations were monitored on the frame and additional three on 
the pendulum. The resulting curves are plotted all together and compared in Figure 4.50. 
Location 1 and 11, 2 and 10, 9 and 3 are coupled since they correspond to points placed at 
the same height on two different columns. Locations 1, 2 and 3 are on the column directly 
subjected to the impact, while the other three on the opposite column. Locations 4, 5, 6, 7 
and 8, instead, are on the same height corresponding to the beam position. 
It can be noted that the impact induced horizontal displacement, not only in the impact 
zone but over the all frame, is the same. The beams, as well as both monitored columns, 
were strongly pushed from the pendulum, with evident cracks and damage accumulation 
smeared overall the frame. The horizontal displacements are higher in correspondence of 
the impact height with peaks corresponding to almost 120 mm in the impact region. As 
expected the displacements decreased moving far from this zone, nevertheless, in the 
column middle section, displacement of about 70 mm were still recorded. Locations 4, 5, 
6, 7 and 8 exhibit almost the same trends, hence only one curve is plotted in Figure 4.39. 
After the impact, the structure started to oscillate along the horizontal direction and in the 
beam location residual lateral displacements of about 70 mm, due to the reinforcement 
yielding and crack propagation, were measured. 
 
Figure 4.39 Displacement histories at different frame points obtained from the HSC during the 
impact test (Frame 1). 
 
Strain histories for some characteristic strain gauges locations are plotted in Figure 
4.40. In the graph the strains measured along the column height are grouped for similar 
locations and compared. Additional strain measurements for all the employed strain 
gauges can be found in Parmar et al., 2014. 
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(a) (b) 
Figure 4.40 Strain histories at different frame location: (a) top columns sections, (b) middle 
column sections (Frame 1). 
The final crack pattern is shown in Figure 4.41 in which cracks extension and 
propagation is reported for several frame details. As can be seen, the strongest damage 
accumulation was observed in the beam-column joint regions and near the footing zones, 
where huge and wide horizontal cracks, probably propagating after the failure of the 
reinforcement bars are observed. Moreover, one wide crack passing almost throughout the 
column cross section which almost cut the column from the slab, is observed, in the 
column-beam joint in correspondence of the two impacted columns. These predominant 
cracks probably formed at the beginning of the impact due to the strong impact force 
coming from the pendulum, localizing the damage in the joint region. The influence of 
these cracks on the global frame behaviour can be noted analyzing the horizontal 
displacement histories for location 3 and 4. In fact, even if these two locations are very 
close one to each other, location 4 (as well 5, 6, 7 and 8) placed on the beam/slab exhibited 
much higher horizontal displacement, almost 20 mm lower than location 3. Spalling of the 
outer concrete surface is also visible, especially in the zones directly subjected to the 
pendulum impact. Additional micro and macro cracks are smeared overall the structure. 
 
4.1.2.4 Conclusions 
To investigate the effect of combined thermo-dynamic loading, a reinforced concrete 
frame was tested. The frame was first exposed to standard fire following for one hour the 
ISO834 curve, reaching temperature levels of about 950°C. After the complete cooling 
(cooling rate of 500 °C/hour) of the specimen, residual dynamic test is performed in terms 
of lateral impact test achieved with the use of a steel pendulum let free to impact from an 
initial fixed (23°) swing angle. 
The results of the thermal loading were evaluated in terms of thermal distribution along 
the structural member cross section and crack propagation. Already after the fire exposure, 
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Figure 4.41 Cracks extension and propagation at the end of Frame 1 test: fire and impact 
(Parmar et al., 2014).  
the frame exhibited strong damage accumulation with spalling of the beam and column 
edges and wide cracks developed, in particular near the footings and in the beams-columns 
joints. Due to the spatial not uniform thermal exposure, the thermal damage was not 
uniformly distributed over the structure, i.e. two of the columns exhibited higher damage 
with stronger concrete change in color. Anyway, the RC frame after the thermal exposure 
was already damaged with multiple cracks smeared over the entire structure and visible 
bending of the columns and the beams.  
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After the thermal loading, impact is applied. The effects of the impact test are 
monitored with the use of a High-Speed Camera, strain gauges and accelerometers placed 
at different location. The impact yielded to a global structural damage with plastic residual 
lateral displacement at every frame height and not only in the impact zone. Even near the 
footings, permanent displacements of about 25 mm were monitored with visible wide 
horizontal cracks. The mostly damaged area coincided with that already strongly damaged 
during the thermal load, i.e. the lower zone of the columns, near the footings and beams-
column joints. Once the impact load is applied, the concrete is highly damaged and it has 
no more the capability to transfer the stresses which are completely left to the steel 
reinforcement bars.  
Interesting would be to compare the failure modes and cracks propagations for two 
identical RC frames under lateral impact, one previously fire exposed and the other 
undamaged. In this way, it would be possible to evaluate the real structural degradation 
due to the thermal load and to differentiate the damage mechanisms which become 
important in the two cases of study. Unfortunately, in this experimental program no test on 
the undamaged frame was carried out. 
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5. THERMO-MECHANICAL CONSTITUTIVE LAW FOR CONCRETE AND 
COMPUTATIONAL APPROACH 
 
5.1 Introduction 
When concrete is exposed to mechanical and non-mechanical loading, as in case of 
extraordinary events, the numerical prediction of the material failure together with the real 
estimation of the cracking processes and structural bearing capacity becomes an extremely 
demanding task. Damage is localized in a narrow zone characterized by macroscopic crack 
accompanied by a progressive stress relaxation (material softening). In the last years a 
significant effort was done in formulation and implementation of different computational 
methods for the numerical simulation of concrete and concrete like materials based on 
different theories and computational approaches. However, the choice of the correct 
approach, the problem resolution or the crack description that can well describe the 
concrete behaviour is still under development and not yet solved, i.e. each approach has its 
own advantages and disadvantages. In the present section, a brief description of the here 
used constitutive law for concrete and computational approach is briefly discussed.  
 
5.2 Mechanical model 
The numerical results presented in the following sections (6 and 7) are obtained using 
3D finite element code MASA and CIF (Contact Impact and Fragmentation). In both 
codes, as a constitutive law microplane model for concrete is used (Ožbolt et al., 2001). 
Moreover, further extension of the model performed in the framework of this work is also 
discussed.  
 
5.2.1 Microplane model with relaxed kinematic constraint 
In the microplane model the material response is characterized by a relation between 
the stress and strain components on planes of various orientations. The macroscopic stress 
tensor is calculated from a known microplane strains and the corresponding microplane 
constitutive law by integrating the microplane stresses in a thermodynamically consistent 
way. The model is similar to the discrete type of models (e.g. random particle model) with 
the difference that it is formulated in the framework of continuum (Ožbolt et al., 2001).   
The microplane model was introduced by Taylor (1938) and further developed for 
plasticity problems under the name “slip theory of plasticity” by Batdorf and Budianski in 
1949. In the following years Bažant and co-workers extended the theory for the modelling 
of the quasi-brittle materials, characterized by softening phenomena (Bažant and 
Gambarova, 1984 and Bažant and Prat, 1988; Bažant and Ožbolt, 1990; Carol et al., 
1992, Bažant et al., 1996a, Bažant et al., 1996b). The model has been changed and adapted 
to obtain a unique solution for softening materials (replacement of the static constraints 
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with the kinematic one (Bažant, 1984)) and subsequently extended to model cyclic and 
rate sensitive material behaviour (Ožbolt and Bažant, 1992). 
The here employed version is based on the so-called relaxed kinematic constraint 
concept (Ožbolt et al., 2001). Each microplane is defined by its normal ni (Figure 5.1). The 
microplane strains are assumed to be projections of the macroscopic strain tensor εij 
(kinematic constraint). In the integration point of the finite element, normal (σN, εN) and 
two shear mutually perpendicular (σK, σM; εK, εM) stress-strain components are considered. 
To realistically model concrete behaviour, the normal components is further decomposed 
into volumetric and deviatoric part (σN = σV + σD ; εN = εV + εD ). 
 
Figure 5.1 Microplane concept: strain projection and decomposition (Ožbolt et al., 2001). 
Unlike the most microplane formulations for concrete, which are based on the 
kinematic constraint approach, to prevent unrealistic model response in case of dominant 
tensile load, in the here described model the kinematic constraint is relaxed through a 
discontinuity function ψ (0 ≥ ψ ≥ 1). The function is responsible for the constraint 
relaxation. It reflects the discontinuity as a consequence of discrete tensile cracking and it 
is called discontinuity function. The discontinuity is not chosen arbitrary but it is related to 
the volumetric stress-strain relationship. If volumetric strain and maximum principal stress 
are positive, it assumes that the integration point is in dominant tension and the function ψ 
applies (Ožbolt et al., 2001). 
With the increase of the tensile load, a band of microcrack forms which by subsequent 
loading coalesce into a crack, i.e. debonding of the material particles (rupture) takes place. 
In the framework of continuum theory, cracking is represented by the localization of 
strains. When the strains increase, the stress oriented in the same direction (damage 
direction, direction 1 in Figure 5.2) decreases. The strain components which are oriented 
predominantly laterally to the direction of damage (direction 2 in Figure 5.2) decrease 
approximately elastically, i.e. after the damage evolution is completed the 3D stress-strain 
state at the beginning of the loading shrinks into uniaxial stress-strain state. This effect is 
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essentially a structural effect which should be accounted for in any macroscopic material 
model. 
 
Figure 5.2 Macroscopic loading-undloading process; concept at the base of the kinematic 
constraint relaxation (Ožbolt et al., 2001). 
Based on the micro-macro work conjugacy of volumetric-deviatoric split and using the 
defined microplane stress-strain constitutive laws, the he macroscopic stress tensor is then 
calculated as an integral of microplane stresses over all pre-defined microplane 
orientations: 
3
( ) ( )
2 3 2 2
ij k M
ij v ij D i j i j j i i j j i
s
n n k n k n m n m n dS
  
   

  
        
  
  (5.1) 
where S corresponds to the surface of the unit radius sphere, δij is Kronecker delta and ki 
and mi are directions of the shear microplane components. The integration in Eq. (5.1) is 
performed by numerical integration using 21 microplanes for the symmetric part of the 
unit sphere. According to present experience, 21-point integration formula (Bažant and 
Oh, 1986) gives a good balance between results accuracy and computational effort. To 
account for large strains and displacements, Green-Lagrange finite strain tensor is used 
together with co-rotational Cauchy stress tensor (İrhan, 2014). 
 
5.2.2 Extension of the original microplane model 
In the framework of the present work, the microplane model was modified only for 
dominant tension load, i.e. only with respect of the relaxation of the kinematic constraint. 
With respect to all other loading histories, the same considerations already discussed in the 
previous section are valid. 
In the originally proposed model, the discontinuity function  is an exponential 
function, which applies for all microplane components only if maximum principal stress 
1 and volumetric strain v are positive (tension). Here, a new discontinuity function is 
introduced, which is based on linear or bi-linear tension softening. The function   
depends on maximum principal stress and volumetric strain. It applies only for dominant 
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tension, i.e. 1 > 0 and V > 0, otherwise  = 1.0.  
From the total microplane strain m, which is obtained based on the kinematic constraint 
from the total strain tensor ij, the effective microplane strain m,ef and microplane stress 
m are computed as: 
,0 ,m m m efC         and          ,m ef m    (5.2) 
where Cm,0 is the elastic stiffness of the microplane component. Note that subscript ‘m’ 
stays for the corresponding microplane component (V, D, M and K), hence the above 
equation (5.3) is applied for all microplane components.  
 
Figure 5.3 Bi-linear stress-strain softening law (1 > 0 and V > 0) and definition of the knee 
point. 
When 1 ≤  ft / Ec,  = 1.0, i.e. the response is linear elastic; however, for ft / Ec < 1 ≤ cr , 
 is chosen such that the macroscopic tensile response follows linear or bi-linear crack-
opening (softening) response of concrete (Figure 5.3). Note that ft and Ec are tensile 
strength and Young’s modulus of concrete, respectively. Strain cr corresponds to the 
critical crack opening. It is calculated as cr = wcr/h with wcr = critical crack opening and 
h corresponding to the size of the finite element. In the here proposed model  is chosen 
based on the tensile softening curves proposed by Hoover and Bažant (2014). The knee 
point corresponds to the point of slope changing in the softening tensile region and it is 
defined as (according to Hoover and Bažant, 2014): 
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where GF and Gf are, respectively, the total and initial fracture energy as shown in 
Figure 5.4a and 0 is the peak deformation, i.e. the strain corresponding to the concrete 
tensile strength. 
  
(a) (b) 
Figure 5.4 (a) Definition of the initial (Gf) and total (GF) fracture energy and (b) typical stress 
strain response of concrete (h = 15 mm) for quasi-static and dynamic loading (  = 100/s). 
Typical curve for uniaxial stress-strain response of concrete (h = 15 mm) is plotted in 
Figure 5.4b. As can be seen for tension softening, bi-linear response is adopted, following 
the proposal from Hoover and Bažant, 2014.  
 
5.2.3 Rate sensitivity in the microplane model 
Experimental evidences show that the applied loading rates strongly influence the 
concrete behaviour in terms of resistance and failure mode, as already discussed in 
Sections 2.2.1.2 and 4.1.The rate dependent response of concrete is controlled through 
three different effects: (i) through the rate dependency of the growing micro-cracks 
(influence of inertia at the micro-crack level), (ii) through the viscous behaviour of the 
bulk material between the cracks (viscosity due to the water content) and (iii) through the 
influence of inertia of different kind, e.g. structural inertia, inertia due to the softening or 
hardening of the material or inertia related to the crack propagation. From the numerical 
point of view, assuming macro or meso scale analysis, the first two effects can be 
accounted for by the rate dependent constitutive law, which reflect the effect of inertia at 
the micro-scale and the effect of viscosity. Assuming that the resolution of underlying 
spatial discretization is fine enough, the third effect should be automatically accounted for 
through dynamic analysis where the constitutive law interacts with inertia effects (Ožbolt 
et al., 2011).  
The rate dependency in the here used version of the microplane model for concrete 
accounts for two effects: (1) the rate dependency related to the formation (propagation) of 
the micro-cracks, which is the effect of inertia forces at the level of the micro-crack tip, 
and (2) the rate dependency due to the viscosity of concrete (bulk material) between the 
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micro-cracks. The rate effect on each microplane component is defined according to rate 
process theory. The theory (Krausz and Krausz, 1988; Mihashi and Wittmann, 1980) 
assumes the crack initiation on the atomic scale is governed by the activation energy, i.e. 
in a non-stressed material there is the same amount of bond-breaking and bond-healings in 
time. When an external force is applied, there is a surplus of energy which causes more 
bond-breaking than bond-healing. Since the number of bond-breaking steps is assumed to 
be constant in time, it means that a longer loading time causes more ruptures that a shorter 
loading time. Expressed in terms of strength, it means that sustained loading causes a 
reduction of strength whereas very short loading causes an increase of strength, e.g. see 
Figure 5.4b (Ožbolt et al., 2011). 
Consequently, the rate dependency for each microplane component reads (Bažant et al., 
2000a; Ožbolt et al., 2006): 
0
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where c0 and c2 are material rate constants obtained fitting experimental tests (Dilger et 
al., 1984), ij are the components of the macroscopic strain tensor and scr is the assumed 
crack spacing. 
The rate magnitude is not measured on each individual microplane, which would be not 
objective, but rather on the macroscale. Moreover, equation (5.9) is applied to all 
microplane components except to volumetric compression, which is assumed to be rate 
insensitive, i.e. in case of volumetric compression the material is compacted. For more 
detail see Ožbolt et al. (2006, 2011). 
The model was verified against experimental results for compressive and tensile 
behaviour under different strain rates (Ožbolt et al., 2006, 2013, 2014). For example, in 
the case of compact tension specimen (Ožbolt et al., 2013) it was confirmed that the 
progressive increase of resistance is due to the inertia generated at the tip of the macro 
crack, which causes crack branching and leads to progressive increase of resistance. 
Moreover, it was shown that the true tensile strength and fracture energy increase 
approximately linear in semi-log scale with increasing strain rate. The linear increase is 
controlled by the constitutive law (inertia at micro scale and influence of viscosity) 
whereas the progressive increase comes automatically from dynamic finite element 
analysis. The same conclusion was obtained by Cusatis (2011) based on the 3D finite 
element analysis using discrete finite element model. 
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5.3 Transient dynamic analysis 
The static FE analysis is performed using an implicit 3D FE code, which is based on the 
incremental secant stiffness approach (Belytschko et al., 2001). The dynamic analysis is 
performed using a 3D transient multi body dynamic FE analysis, in which the system of 
unknown displacements in each time step Δt is calculated by solving the following system 
of equations (Voigt notation) employing an explicit direct integration scheme: 
( ) ( ) ( , ) ( ) 0Tt t u t t   Mu Cu G f   (5.6) 
( , ) 0u t G   (5.7) 
where M is mass matrix, C is damping matrix,    are nodal accelerations,    are nodal 
velocities, u are nodal displacements, f(t) are the resulting nodal forces, G is the element 
contact displacement constrain matrix and λ is the vector of unknown Lagrange multipliers 
(Belytschko et al., 2001). The nodal forces are calculated as: 
( ) ( ) ( )ext intt t t f f f  (5.8) 
where 
ext 
f (t) are the external nodal forces and int f (t) are the internal nodal forces. The 
external nodal forces are known nodal loads, while the internal nodal forces are unknown 
and they are calculated by the integration of the stresses over the finite elements. In the 
employed FE code mass and damping matrices are assumed to be diagonal (Ožbolt et al., 
2014). 
 
5.4 Contact Impact and Fragmentation finite element program 
Some of the later discussed finite element simulations (Section 7.1) are performed 
using recently developed 3D explicit finite element code for simulation of high velocity 
impact and fragmentation events (İrhan, 2014). In the code the above described rate 
sensitive thermo-mechanical microplane material model for concrete is used. In order to 
investigate the behaviour of concrete under high loading rates and verify the 
computational procedures developed, different problems were studied in the past, e.g. 
compact tension specimen, split Hopkinson bar and hammer drop tests (Ožbolt et al., 
2011, 2013, 2014, 2015; Bede et al., 2015). The comparisons between experimental and 
numerical results have shown that the code is able to correctly predict the phenomena 
related to high loading rate such as rate dependent resistance, crack branching, crack 
velocity and rate dependent failure mode. In the following sections a short overview of the 
main features of the FE code is given (İrhan et al., 2015). For more detail refer to (İrhan, 
2014). 
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Contact search algorithm 
Contact search is accomplished in two steps, namely contact-detection followed by 
contact-resolution. In the contact-detection phase penetrated slave nodes and 
corresponding owner master elements are determined. For this purpose two inside-outside 
checks, based on bounding box and volume coordinates, are performed. In the contact-
resolution phase 4-node node-to-surface contact finite elements are constructed based on 
the data gathered during contact-detection phase. Contact finite elements are constructed 
based on either trajectory-based-algorithm or projection-based-algorithm. During contact 
search is not useful to check slave nodes and master elements which are located outside 
the contact region. To reduce the number of slave nodes and master elements to be 
checked, a simple solution is proposed.  
The solution requires the definition of a sphere (or even other possible shapes) in the 
pre-processing stage before starting the simulation. This sphere should be large enough to 
cover the contact region and capable to follow it as it may possibly move and change 
position in time.  
Deleted elements must be accounted for carefully in contact search algorithm because 
some interior elements and nodes might come onto the outer boundary, due to previously 
deleted elements. With the help of underlying topological data structures, an efficient 
algorithm has been developed, which performs necessary updates after the deletion of 
elements around the contact region. As soon as all the elements connected to it are deleted, 
a node becomes a free node and continues its motion as a free particle with constant 
velocity (in case gravity is neglected). Free nodes are skipped during contact algorithm, 
i.e. the overall mass is conserved. 
Energy transfer 
Energy balance is checked at every time step to assess the stability of underlying 
explicit time integration. Fixed time increment computed based on CFL stability condition 
is used throughout the simulation. 
 In the employed microplane model, concrete bulk modulus increases with increasing 
volumetric strain (compressive). As a result upper limit for stable time increment might be 
reduced during the simulation. Moreover, if the concrete elements get highly distorted, 
robustness of contact algorithm might be deteriorated. To avoid these problems a fixed 
time increment is used, which is obtained by multiplying stable time increment with a 
factor of safety that was set as equal to 0.35 in our simulations. It is obvious that power 
terms, due to inertia, internal forces and contact, all have some errors due to (i) discrete 
nature of time and space, and (ii) underlying constitutive modelling, which directly effects 
the internal forces and contact forces. But they all must add up to zero in order to satisfy 
balance equation for linear momentum.  
Detailed formulation of the energy transfer between contacting bodies together with 
energy time history diagrams obtained from projectile penetration simulations are 
presented in İrhan, 2014. 
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Bulk viscosity pressure 
As pointed out by Taylor and Flanagan in 1989, artificial bulk viscosity should be 
applied to the numerical solution for two reasons: (i) to prevent elements from collapsing 
down due to high velocity gradients and (ii) to quiet truncation frequency “ringing”. 
Ideally it is desirable to add viscosity to the highest mode of the element, but it is not 
practical. Instead viscosity is added to the volumetric (bulk) response. Then bulk viscosity 
pressure p is computed in terms of volumetric strain rate as: 
 
2
1 2c d V d Vp l b c b c     
 (5.9) 
where b1, b2 are damping coefficients, ρ is material density, cd is dilatational wave speed, 
lc is an element characteristic length and V is the volumetric strain rate. For concrete in 
tension, only the linear part is taken into account whereas, for compression, also non-
linear term in Eq. (5.9) is accounted for. In the here used finite element code, default 
values for b1 and b2 are set to be 0.06 and 1.5, respectively and lc is taken as the smallest 
segment of the element. For microplane material model, dilatational wave velocity cd is 
computed from: 
3 (1 )
(1 )
d
K
c

 



 (5.10) 
where K and ν are respectively bulk modulus and Poisson’s ratio. Poisson’s ratio ν is 
assumed to be equal to its initial value, whereas K is reduced (damaged) bulk modulus and 
computed from: 
0(1 )VK K   (5.11) 
in which ωV is damage parameter controlling degradation of bulk modulus and K0 is the 
initial bulk modulus (undamaged material). Note that in the present model ωV for concrete 
is the same as in the microplane constitutive law of concrete (Ožbolt et al., 2001). It is 
important to note that the bulk viscosity pressure is not a part of the material constitutive 
response, i.e. the expression given by Eq. (5.9) can be used for all material models. 
There are two arguments for the use of bulk viscosity, one is based on some physical 
aspects) and another one is due to the numerical reasons. (i) On the projectile front very 
high volumetric stresses are generated. From the physical point of view, it is not surprising 
that as a consequence of material compaction and very high strain rates kind of volumetric 
rate sensitivity exists at the material micro level. For instance, due to high volumetric 
strain rate, considerable amount of heat can be generated in the material due to the high 
and chaotic oscillations of the smallest material particles at atomic scale. Such dissipation 
of energy is not covered by the used microplane constitutive law. Therefore, similar to the 
rate sensitivity caused by micro-cracking, the rate sensitive volumetric effects at the micro 
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scale should be also somehow accounted for in macroscopic finite element analysis. (ii) 
There is no volumetric compressive softening; however, the use of bulk viscosity is 
inevitable due to discrete nature (not continuous) of underlying numerical formulations. 
For example: (a) reduced integration techniques together with hourglass stabilization or 
mixed formulations have been developed for incompressible media (rubber material, 
Navier-Stokes, J2 plasticity) or even (b) crack band approach, for continuous modelling of 
macroscopic cracks. In order to ensure mesh objective dissipation of energy, constitutive 
equation must be regularized with respect to the mesh size.  
In high velocity impact very high velocity gradients can be generated; it means that 
stress waves might have a very sharp front (shock wave). A wave with sharp front cannot 
simply be resolved exactly on the underlying discretization, which is the reason for 
numerical stability problem observed. In order to avoid this numerical instability, 
introduced simply due to underlying discrete nature of the finite element method, a 
numerical technique based on addition of numerical (bulk) viscosity must be introduced 
(shock treatment). 
Adaptive element deletion 
Lagrangian description can be used to describe motion of solids. Since path dependency 
is naturally accounted, the external boundaries can easily be tracked and, therefore, 
possible contact interactions can be precisely formulated. However, as soon as this 
assembly is not able to move regularly depending upon the level of external loading, it 
cannot be called as solid anymore, at least partly, but rather fluid-like solid or gas-like 
solid. If motion function starts losing its regularity, then it´s necessary to consider if it is 
possible to heal motion function such that Lagrangian framework can be retained 
throughout the rest of deformation process.  
In the finite element method context, possible change of material state during 
mechanical processes has been analyzed with several discretization techniques. If the 
material flow is not severe, Arbitrary Lagrangian–Eulerian (ALE) formulation can be 
employed to regularize the motion function. In this technique, underlying finite element 
discretization is respected and motion function is improved by repositioning the existing 
nodes (Hirt et al., 1974; Wall, 1999). An alternative to ALE method are the techniques 
based on mesh adaptivity, like remeshing (Marusich and Ortiz, 1995; Camacho and Ortiz, 
1997; Erhart et al., 2006) and element deletion (Schwer and Day, 1991; Huang et al., 
2005; Hansson and Malm, 2011; Pandolfi and Ortiz, 2012). 
In remeshing, underlying finite element discretization is replaced with another one such 
that an improved approximation to the motion function can be constructed. On the other 
hand, for technique based on adaptive element deletion underlying finite element 
discretization is kept in place. During impact and penetration problems (e.g. projectile 
penetration), motion function starts immediately losing its regularity around the contact 
region. In these contexts ALE is not an option, because the boundary of concrete specimen 
undergoes complex deformations due to explosive character of concrete. Remeshing 
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should be avoided too, because: (i) it is difficult to automatically generate meshes in 3D 
especially for bodies with arbitrarily complex boundaries, (ii) it has long computational 
time, due to projection of nodal and history variables, which is prohibitive in solution 
methods based on explicit time integration and (iii) information is lost during projection 
due to numerical diffusion errors. Hence, adaptive technique based on element deletion 
seems to be one of the bests option left; i.e. (i) with increasing number of elements exact 
solution is expected to be recovered (monotonic convergence), (ii) the extension from 2D 
to 3D does not bring any additional complexity, (iii) it has lower computational time and 
(iv) it couples with microplane material model based on smeared cracking in a natural 
way.  In all numerical simulations here presented, maximum principal strain has been used 
as a deletion criterion and its value has been set to 1.0. This limit value has been carefully 
analyzed in a parametric study in a precedent work (refer to İrhan, 2014).  
Deletion of elements with extremely high level of stress might have severe 
consequences. Since such elements can still transmit force and resist projectile, their 
deletion might numerically reduce the resistance of concrete specimen. Based on the 
above study, it was concluded that deletion of elements with very high stress is acceptable 
if and only if it does not change the results of numerical simulation significantly. Elements 
with very high stress can be conveniently deleted for impact simulations if the following 
two conditions are satisfied: (i) contact algorithm should not be influenced from the 
deletion of elements with very high stress too much and (ii) the concrete response should 
not be altered too much as the concrete elements with very high stress are deleted given 
(İrhan et al., 2015).  
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5.5 Thermo-mechanical model 
For the realistic simulation of reinforced concrete structures under fire load, it is 
important to employ a numerical model that can realistically simulate the complex 
interactions between material property and temperature that takes place in these types of 
events. During the high temperature exposure, concrete original properties get affected 
from the physical and mechanical changes occurring inside the material at the microscopic 
level, leading to a global weakening dependent on the fire duration and temperature 
variation range. Moreover, in case of reinforced concrete, an additional effect is observed 
due to the different behaviour of concrete and reinforcement related with the different 
thermal expansion and to the steel recover capacity once the structure is cooled (in 
contrast to concrete). The correct modeling of the above described phenomena is 
fundamental to correctly predict the RC fire resistance and possible failure modes as well. 
The existing models can be divided in two groups: (i) thermo-mechanical models (Borst 
and Peeters, 1988; Luccioni et al., 2003; Ožbolt et al., 2005) and (ii) thermo-hygro-
mechanical models (Bazant and Kaplan, 1996; Gawin et al., 1999; Ožbolt et al., 2008; 
Periškić 2009; Tenchev et al., 2001). In the first group are listed all the models in which 
the concrete mechanical properties are dependent on the temperature. On the other side, in 
the models of the second group all the physical processes that occur in concrete are 
coupled together and they mutually interact one to each other (mechanical properties, 
moisture content and temperature exposure are mutually dependent). As would be 
expected, this second group gives more accurate and realistic results since all relevant 
processes are simulated (Bošnjak, 2014). However, sometimes, they can be misleading, 
especially in the cases in which all necessary material physical parameters are not exactly 
known and they must be assumed. The model of the first group instead, even if they 
cannot completely account for the all changes of the state and water content inside the 
material, can be considered appropriate for the most common cases from the practice. 
The here presented thermo-mechanical model (Ožbolt et al., 2005; Periškić 2009) is 
based on the temperature dependent microplane model with relaxed kinematic constraint 
(section 5.2). The model accounts for the following: (i) temperature distribution inside the 
structural elements, (ii) reduction of mechanical properties (steel and concrete) and (iii) 
non-elastic thermal strains (free and load induced). 
 
5.5.1 Transient thermal analysis 
 
To perform the thermo-mechanical analysis and calculate stresses and strains developed 
after a given external thermal exposure, taking in consideration the material degradation 
on the base of the temperature level achieved during the exposure, as first step it is 
necessary to calculate the thermal distributions inside the heated solid. Therefore, in the 
model a transient thermal analysis over a solid structure of volume Ω at time t is 
performed. The conservation of energy has to be fulfilled in each point of continuum 
 Numerical and experimental study of concrete structures exposed to impact and fire  
 
 
117 
 
defined in the Cartesian coordinate system (x, y, z). This can be expressed by the standard 
heat equation: 
( , , ) ( , , , ) 0
T
T x y z c x y z t
t
 

 

 (5.12) 
where T corresponds to the temperature (K), λ to the conductivity (W/mK), c is the heat 
capacity (J/ kgK) and Δ is Laplace-Operator. Note that c and λ are temperature dependent 
parameters (Periškić, 2009). 
To solve the Eq. (5.12) a set of boundary and initial conditions have to be defined. 
There is the possibility to define two different kinds of boundary conditions: (i) Dirichlet 
boundary conditions, where the temperature is directly prescribed along the boundary 
surfaces (T = T0) and (ii) Neumann boundary conditions, in which the fluxes are defined 
over the boundary. In the here employed model, the Neumann conditions are used, i.e. the 
surface boundary condition that has to be satisfied reads: 
( )M
T
T T
n
 

 

 (5.13) 
where n is normal to the boundary surface Γ, α is transfer or radiation coefficient 
(W/ m
2 
K) and TM is temperature of the media in which surface Γ of the solid Ω is exposed 
to (K). For solving the problem by the finite element method, the above Eqs. (5.12) and 
(5.13) have to be written in the weak (integral) form (Ožbolt et al., 2013). For more detail 
see Ožbolt et al. (2005, 2008) and Periškić (2009). 
 
5.5.2 Temperature dependent microplane model 
As discussed before (Section 5.2) the here employed mechanical model is based on the 
microplane model with relaxed kinematic constraint. After the calculation of the thermal 
profiles obtained from the transient thermal analysis (5.5.1), to correctly evaluate the state 
of stress and strain inside the structural element, the macroscopic material properties have 
to be updated on the base of the temperature exposure.  
Once that the temperature distribution is known, the stress and strain fields have to be 
calculated with the modified macroscopic material properties. This means that the 
nonlinear finite element analysis is incremental and the load increment is defined in the 
time step Δt in which the load, boundary conditions, temperature, etc. change. The 
temperature is considered constant during the load increment. Consequently, in each load 
step, the material parameters (that are temperature distributions dependent) are also 
assumed to be constant. 
The loading and unloading behavior of the temperature dependent microplane model  
is described in Figure 5.5. In the graph, T0 > T1 > T2 correspond to the stress-strain curves 
obtained for different temperature exposures, while ε1 >  ε2  >  ε3 are the mechanical strains 
calculated as: 
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( )  mech tot fts lits     (5.14) 
where εtot , εlits and εfts are total strain, load induced thermal strain and free thermal strain 
(Section 5.5.2.2). The loading and unloading paths apply at the microplane level for each 
microplane component in case of tension and compression as well.  
 
Figure 5.5 Loading and unloading paths of the temperature dependent microplane model in 
tension and compression for each microplane component. 
 
5.5.2.1 Thermal and mechanical material properties 
In the thermo-mechanical model, the same as the mechanical properties, also the 
thermal properties, for each defined time step Δt, are considered temperature dependent. 
Differently from the mechanical properties, which are related to the mechanical past of the 
problem, thermal properties are employed in the calculation of temperature distribution. 
As the concrete gets heated and the material changes due to chemical reactions, thermal 
conductivity, specific heat and thermal diffusivity change with the temperature rise. 
Principal thermal properties at high temperature are given in the Eurocode 2 (DIN EN 1-2, 
2004) and they have been already discussed in Section 2.1.5.1. The same profiles 
recommended from the Eurocode 2 and above mentioned have been implemented in the 
code (Periškić, 2009). 
Concerning the mechanical temperature dependent properties, they have been included 
in the code as simple temperature dependent relations estimated from experimental 
evidence. In particular, the main concrete mechanical properties are assumed as a 
function of the thermal exposure: Young modulus, tensile strength, compressive strength 
and concrete fracture energy. Moreover, the steel properties are also assumed to be 
temperature dependent (Periškić, 2009). 
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Concrete Young´s modulus 
The experimental tests carried out on different concrete classes and types have shown a 
general trend which highlights a progressive degradation of elasticity modulus with the 
rise of temperature (Schneider, 1982).  
 
Figure 5.6 Concrete Young´s modulus temperature dependency (Periškić, 2009). 
In the here presented model the Young´s modulus-temperature relation follows the 
Stabler proposal (Stabler, 2000): 
20
,( ) (1 max( ))t EE T E   (5.15) 
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where E
20
 is Young’s modulus at temperature T0 = 20 °C and θ = (T-T0) / 100°C is the 
relative temperature. At high temperature, the concrete loss of stiffness is due to the 
decomposition of the concrete components, while at low level it is caused by the 
progressive loss of capillary water. The dependency (5.15) implemented in the FE code is 
plotted in Figure 5.6 and it is valid for standard normal strength concrete. As can be seen it 
shows good agreement with the experimental evidence (Periškić, 2009). 
Concrete compressive strength 
As shown by the experimental evidence (Section 2.1.5.2), concrete compressive 
strength remains almost constant and equal to the original value up to 300 °C. Afterwards 
it starts to decrease linearly reaching 50% of the initial strength at 600 °C. The initial 
constant strength value is related to the fact that, at these relatively low temperatures, due 
to the thermal strains aggregate locking and frictional phenomena are even more 
pronounced than at room temperature. On the other side at high temperature cement paste 
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and aggregate are damaged, decomposed, with microcracks in the matrix causing the 
strength decrease. 
In the present model, it is assumed that up to T = 300 °C compressive strength fc is 
temperature independent and for higher temperature it decreases as a linear function of 
temperature (Periškić, 2009): 
20
,( ) max( )cc t f cf T f  
(5.16) 
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c
c
t f
t f

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

 
0 2.80
2.80
for
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

 
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where fc
20
 is uniaxial compressive strength at T = 20°C. The above exposed relation is 
plotted together with the experimental evidences in Figure 5.7a.  
Concrete tensile strength 
Differently from compressive strength, experimental tests carried out on concrete at 
high temperature show an immediate linear decrease of tensile strength already at 50 °C. 
In the present model the following temperature-tensile strength relation is employed as 
(Periškić, 2009): 
20
,( ) max( )tt t f tf T f  
(5.17) 
, 1.0 0.13tt f    
where ft
20
 is uniaxial compressive strength at T = 20 °C. The above described relation is 
shown in Figure 5.7b. 
  
(a) (b) 
Figure 5.7 Concrete strengths reduction: (a) compressive and (b) tensile strength (Ožbolt et al., 
2014). 
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Concrete fracture energy 
The experimental work discussed in Section 2.1.5.2 (Zhang et al., 2002) indicates that 
fracture energy increases by 60 % up to 300 °C followed by a decrease to approximately 
90 % of its initial value at 600 °C. In the employed numerical model, the dependency of 
concrete fracture energy GF on the temperature is obtained by fitting of test data of Zhang 
& Bićanić, 2002. The adopted relation reads (Periškić, 2009): 
20
,( ) max( )FF t G FG T G  
(5.18) 
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where GF
20
 is concrete fracture energy at T = 20 °C. In Figure 5.8a the described relation 
is plotted and compared with experimental results. 
  
(a) (b) 
  
(c) (d) 
Figure 5.8 Material  properties reduction at high temperatures: (a) concrete fracture energy, (b) 
steel Young´s modulus, (c) steel yield stress and (d) residual yield stress (after cooling) (Ožbolt et 
al., 2014). 
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Steel yield stress 
When subjected to high temperature steel exhibits degradation of material properties 
(Kordina and Meyer-Ottens, 1981). In the model here used, the stress degradation in the 
reinforced concrete structures is accounted for through a Young´s modulus and yield stress 
reduction. 
However, several experimental investigations have shown that, contrary to concrete and 
concrete-like materials, steel exhibit a recovery of its yield stress when it is cooled down 
(Takeuchi et al., 1993, Felicetti et al., 2009). Moreover, when the structure is cooled down 
to the room temperature, Young´s modulus shows no degradation and it fully recovers to 
the original value.  All the above-mentioned phenomena related to the steel behaviour, are 
schematized in the model with the adopted relationships shown in Figure 5.8 b, c and d 
(Periškić, 2009). 
 
5.5.2.2 Thermal strains 
In the here used temperature dependent microplane model, the total strain tensor εij is 
decomposed in the three different components: 
( , ) ( ) ( , )m fts litsij ij ij ijT T T         (5.19) 
where εij
m
 is mechanical strain tensor, εij
fts
 is free thermal strain tensor and εij
lits
 is the load 
induced thermal strain tensor (Khoury et al., 1985; Thelandersson, 1987; Ožbolt et al., 
2008). The mechanical part can be further decomposed into elastic, plastic and damage 
components which are all obtained from the constitutive law, as discussed in Section 
5.5.2. The load induced thermal strains are inelastic thermal strains, which are temperature 
and stress level dependent. These strains, occurring only during the heating and not in the 
cooling cycles, are irrecoverable and they are the consequence of material inhomogeneity. 
The free thermal strains are stress independent and their value can be obtained from 
experimental measurements on the load-free sample.  
Free thermal strain 
It is assumed that the free thermal strain is a function of the temperature level. The 
influence of the aggregates quantity and type, as well as the heating rate is not considered. 
Moreover, if the specimen is free from stress, the thermal strains are assumed to be equal 
in all the three directions (isotropic thermal strains). The following relation is adopted in 
the finite element code (Periškić, 2009): 
( ) ftsij ijT T    (5.20) 
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where  
0( ) /100T T C     (5.21) 
Comparing the above free thermal strain-temperature dependency with the experimental 
data (Figure 5.9), similar results can be obtained. For more details refer to Periškić, 2009  
 
Figure 5.9 Relationship between temperature and free thermal strain, model assumption and test 
results for concrete with different aggregate types (Periškić, 2009). 
.Load induced thermal strain 
In the used thermo-mechanical model, the following expression for the load induced 
thermal strains is adopted (Periškić, 2009): 
  20, 
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where θ* is dimensionless transition temperature between the two expressions (470 °C) 
and θ is calculated according to Eq. (5.21). The above two expressions are introduced to 
account for abrupt change in behaviour detected in the experiments. Constants A, B and C 
are experimentally obtained and in the present model are set as: A = 0.0005, B = 0.00125 
and C = 0.0085. 
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6. DYNAMIC FRACTURE OF CONCRETE CT SPECIMEN: MESH 
SENSITIVITY STUDY 
 
6.1 Introduction 
To realistically simulate the behavior of concrete structures under dynamic loading, the 
numerical finite element (FE) analysis should account for the influence of high strain-
rates. Moreover, the phenomena that are related with the hardening and softening of the 
material and the crack propagation (inertia effects) should also be properly accounted for. 
It is well known that without a proper regularization scheme the local FE analysis of 
softening materials leads to mesh dependent response. The results of the analysis should 
be as less as possible dependent on the choice of the finite element type and on the 
discretization. 
There are principally two approaches to avoid spurious mesh sensitivity: (i) crack band 
method (Bažant and Oh, 1983) that is based on the energy dissipation, which should be 
independent of the size of the finite elements and (ii) nonlocal approaches or higher order 
continua (Pijaudier-Cabot and Bažant, 1987; Bažant and Jirasek, 2002). For concrete like 
materials the relatively simple crack band approach works fine for most cases. This is 
especially true for mode-I fracture, however, for combined compression-shear failure the 
analysis is objective only if the element size is in the range of the maximum aggregate 
size. This can be the limitation of the method, especially if detailed analysis of the 
problems is required, e.g. modeling of interface zone between reinforcement and concrete. 
The second groups of regularization strategies are more general, however, there is a 
number of disadvantages such as high computational costs, problem with boundaries, 
calibration of macroscopic material properties and other. 
The main aim of the present analysis is to study the objectivity of the regularization 
scheme based on the relatively simple energy approach (crack band method) employed in 
dynamic finite element fracture analysis of compact tension (CT) specimen. The scope is 
to investigate whether the approach is able to realistically account for dynamic fracture of 
concrete.  
 
6.2 Mesh sensitivity study 
In order to investigate whether the crack band regularization scheme is able to 
realistically predict the response of concrete for different sizes of finite elements mesh 
sensitivity study on compact tension specimen was carried out. In the study two different 
types of standard solid finite elements are used, eight-node linear strain elements and four-
node constant strain elements. The analysis is carried out for the CT specimen, which was 
recently experimentally tested for different loading rates (Ožbolt et al., 2013). The 
geometry of the specimen and the test set-up is shown Figure 3.1. The tested concrete 
properties are summarized in Table 6.1. 
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Concrete properties 
Density [kg/m3] 2400 
Elastic modulus [GPa] 36.0 
Poisson’s ratio 0.18 
Uniaxial compressive strength [MPa] 53.0 
Tensile strength [MPa] 3.80 
Fracture energy [J/m2] 65.0 
Table 6.1 Material properties. 
In the experimental investigations, CT specimen was loaded over the steel frame with a 
loading range up to 8 m/s (Figure 3.1). It was found that the resistance increases with the 
increase of loading rate. For loading rates up to approximately 3 m/s the increase of 
resistance was linear in semi log scale. In this loading range only a single crack was 
observed. Increasing the loading rate, the crack tends to be more inclined with respect to 
the loading direction. However, for loading rates above 3.0 m/s, the increase of resistance 
was progressive and also crack branching was observed. Maximum crack velocity of 
approximately 800 m/s was measured. Typical experimental crack patterns for quasi-static 
and dynamic loading are shown in Figure 6.1. More details related to the experimental 
tests can be found in Ožbolt et al., 2013. 
In numerical pre- and post-test studies (Ožbolt et al., 2011, 2013) the finite element 
analysis was carried out using explicit finite element code based on the rate sensitive 
microplane model. To avoid mesh sensitivity crack band method was used. Although it 
was shown that for dynamic analysis of CT specimen crack band method assures objective 
results (Ožbolt et al., 2011), no detailed mesh sensitivity study was carried out. Therefore, 
to validate the mesh independency when using local crack band approach, for the tested 
CT specimen mesh sensitivity study is here carried out. 
  
(a) (b) 
Figure 6.1 Experimentally obtained crack patterns for loading rates of (a) 0.035 m/s and (b) 
3.30 m/s (Ožbolt et al., 2013). 
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(a) (b) (c) 
Figure 6.2 Spatial discretizations of CT specimen, four-node solid FE (up) and eight-node FE 
(down): (a) h = 5 mm, (b) h = 10 mm and (c) h = 15 mm. 
The analysis is carried out for three different FE discretizations (Figure 6.2): fine, 
medium and coarse, with element sizes of h = 5, 10 and 15 mm, respectively. Two 
different standard finite elements are used, four- and eight-node solids. The mesh 
sensitivity study is performed for quasi static and dynamic loading with displacement 
loading rate of 3.30 m/s. As in the experiment, the load was performed by displacement 
control. Loading and boundary conditions are shown in Figure 6.3. 
 
 
Figure 6.3 Typical discretization of the test setup, h = 5 mm and 4-nodes solids. 
Load 
Reaction 
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Figure 6.4 shows computed reaction-displacement curves for quasi-static loading and 
the peak loads are summarized in Table 6.2. As can be seen, although the meshes and 
finite elements are quite different there is no significant influence of the discretization on 
the response.  
 
Figure 6.4 Reaction-displacement curves for all discretizations (quasi-static analysis). 
 
Element size 
(mm) 
Element type 
 (-) 
Peak reaction 
(N) 
5 4-nodes 2406.5 
5 8-nodes 2430.6 
10 4-nodes 2566.1 
10 8-nodes 2353.4 
15 4-nodes 2404.0 
15 8-nodes 2382.3 
Table 6.2 Summary of peak resistance for static analyses. 
The corresponding crack patterns for fine and coarse mesh (four-node solids) are shown 
in Figure 6.5. As expected, crack propagates perpendicular to the loading direction starting 
from the notch tip. Furthermore, the influence of the mesh size is investigated for dynamic 
loading with loading rate of 3.30 m/s applied at the end of the steel loading frame. The 
resulting reaction histories are shown in Figure 6.6. As expected, the reaction peak is in 
this case much higher than in the static analysis.  
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(a) (b) 
Figure 6.5 Predicted crack patterns for quasi static loading (max. principal strains, red = critical 
crack opening of 0.10 mm), 4-node solids: (a) h = 5 mm and (b) h = 15 mm. 
 
 
(a) 
 
(b) 
Figure 6.6 Experimental and numerically predicted reaction - time response for loading rate of 
3.30 m/s: (a) 4-nodes elements, (b) 8-nodes elements. 
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As discussed in detail in Ožbolt et al., 2011 and 2013, this is a consequence of rate 
sensitivity and inertia effects. At higher strain rates, larger than approximately 100/s, the 
effects of inertia are responsible for progressive increase of resistance and for crack 
branching. Similar as for quasi-static analysis, reaction history response is not much 
dependent on the discretization. Moreover, the agreement with experimental results is also 
reasonably good.  
The predicted crack patterns for all discretizations are shown in Figure 6.7. As can be 
seen, although the meshes are quite different, the crack profiles match very well. It is 
important to note that even for relatively coarse meshes crack branching is reasonably well 
predicted. Furthermore, all crack patters are in good agreement with the experimental 
crack pattern (Figure 6.1b). 
   
   
(a) (b) (c) 
Figure 6.7 Predicted crack patterns for dynamic load, up 4-node solids and down 8-node solids 
for: (a) h = 5 mm, (b) h = 10 mm and (c) h = 15 mm. 
In Figure 6.8 are plotted crack patterns with the corresponding crack velocities. They 
are all rather similar and agree well with the experimentally measured values (Ožbolt et 
al., 2013). Maximum crack speed of approximately 800 m/s is obtained before crack 
branching. 
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(a) 
   
(a) 
   
(b) 
Figure 6.8Predicted crack patterns for dynamic load, up 4-node solids and down 8-node solids 
for: (a) h = 5 mm, (b) h = 10 mm and (c) h = 15 mm. 
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6.3 Conclusions 
In the here present analysis, the mesh sensitivity study for concrete CT specimen 
loaded under quasi static and dynamic conditions has been carried out. Based on the 
results of the study, the following conclusions can be drawn out: (i) The employed rate 
sensitive microplane model based on the bilinear stress-strain (crack opening) law is able 
to realistically predict resistance and crack pattern for quasi-static and dynamic loading; 
(ii) it is shown that simple local finite element analysis based on the energy dissipation, 
which should be independent of the size of the finite elements, doesn´t exhibit mesh 
sensitivity; (iii) although the investigated discretizations are rather different, for dynamic 
loading crack patterns, crack branching and crack velocities are very similar and all agree 
well with the experimental tests; (iv) for the investigated CT specimen the failure mode 
corresponds to mode-I fracture type. Obviously for this type of failure mode crack band 
method is sufficiently accurate with respect to the size and type of finite elements. 
However, dynamic fracture for more complex failure modes, such as compression-shear, 
should be studied as well (Ruta and Ožbolt, 2015). 
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7.   FE ANALYSIS OF PLAIN CONCRETE CT SPECIMEN PRE-DAMAGED 
BY FIRE 
The 3D numerical study is carried out on concrete compact tension specimen under 
thermal and dynamic loading. The numerical results are validated against those 
experimentally obtained and already discussed in Section 3.  
The here presented analyses are based on two computational steps (refer to Figure 7.1). 
First a transient thermal analysis is carried out to obtain the temperature distribution within 
the elements of the analyzed CT specimen. The specimen is heated up to a certain level of 
temperature and subsequently cooled down to room temperature. In the second step the 
specimen is loaded under different loading rates. 
The main aim of the analyses here described is to investigate whether the model is able 
to replicate the experimental tests discussed in Section 3. 
The two-phase simulations (thermal and dynamic analyses) are performed using the FE 
code MASA by employing the previously discussed described rate sensitive thermo-
mechanical model for concrete. 
 
Figure 7.1 Numerical procedure applied in the 3D finite element analyses. 
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7.1 Numerical model and material properties 
In the 3D finite element discretization, both concrete specimen and loading steel frames 
are modeled (see Section 3.1.1.1). The discretization is performed using 4-nodes linear 
strain elements. Steel frames are characterized by element size of approximately 4-5 mm, 
while concrete compact tension specimen is discretized with progressive mesh size, finer 
(3.5 mm) in the notched zone, where the cracks are expected to form, and coarser (about 6 
mm) along the specimen edges (Figure 7.2). In the notched zone, all nodes of the steel 
discretizations are in full contact with the corresponding nodes on the concrete surfaces. 
The boundary and loading conditions are the same as in the experiments. 
 
Figure 7.2 3D numerical model of the tested compact tension specimen with applied constraints 
(in red on the left) and load (in green on the right). 
 
 Concrete Steel 
ρ (kg/m3) 2130 7800 
E (MPa) 33140 210000 
fc (MPa) 39.17 - 
ft (MPa) 2.97 - 
GF (N/m) 52.00 - 
n (-) 0.18 0.33 
Table 7.1 Material properties employed in the FE CTS analyses for concrete and steel. 
In Table 7.1 mechanical material properties employed in the simulations are 
summarized. The steel behavior is assumed to be linear elastic. 
The adopted steel thermal properties are: thermal conductivity equal to 43.0 W / m K 
and specific heat to 490.0 J / kg K. Concrete thermal conductivity and heat capacity are  
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provided as temperature dependent properties on the base of the relations given in 
Eurocode 2 (DIN EN 1-2, 2004). For the thermal conductivity, the lower limit curve, with 
an initial value of 1.36 W / m K and a lower of 0.55 W / m K at 1300 °C has been taken 
(Lakhani et al., 2013). For the specific heat capacity, instead, the curve corresponding to 
0% moisture content is applied, leading to an initial specific heat of 900 J / kg K at 20 °C 
which arrives at 1100 J / kg K at 1300 °C (refer to Figures 2.6 and 2.7). 
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7.2 Numerical results and comparison with experimental tests 
 
7.2.1 Thermal analysis 
To simulate the thermal exposure achieved during the thermal tests, concrete compact 
tension specimen has been heated on all surfaces following the temperature time 
distributions shown in Figure 7.3. Two different exposures are applied to simulate the 
thermal conditions achieved in the series A tests, characterized by a maximum temperature 
level of 200 °C and in the series B tests with maximum temperature of 400 °C. 
 
Figure 7.3 Applied thermal exposure for the two sets of analyses (200 and 400 °C) in terms of 
temperature-time curves. 
  
(a) (b) 
Figure 7.4 Numerically (a) calculated temperature-time histories (b) at different specimen 
thicknesses (Loc 1, 2 and 3) in the A point for the 200 and 400 °C exposure. 
Both profiles are designed to replicate the tested exposure conditions, which consist of 
four stages: (i) heating branch of 1 °C/min, (ii) constant temperature kept at the maximum 
level for 90 minutes, (iii) cooling branch and (iv) constant temperature kept for several 
hours at the temperature of 20 °C. 
Point A 
75 mm 
Loc 1 
Loc 2 
Loc 3 
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In Figure 7.4 the numerical thermal distributions at different specimen locations are 
plotted for the two different exposure conditions (series A and B). The temperature-time 
histories are compared for different locations taken at three specimen thicknesses (every 8 
mm) in the Point A. As can be seen, no particular differences can be noted between the 
three curves, i.e. the levels of temperature can be considered approximately constant in all 
the specimen sections due to the relatively thin specimen thickness (25 mm).  
The same conclusions can be drawn out analyzing the numerically calculated 
temperature level at different points of the thermal analysis shown in Figure 7.5 for the 
series A. The series B distributions are not plotted since they are very similar, with the 
only difference of higher reached maximum temperature. After 200 minutes, at the end of 
the ascending heating branch, the entire specimen is subjected to high temperatures 
corresponding to approximately 175 °C. Only after additional 90 minutes of constant 
temperature kept at the maximum level, 200 °C are reached overall the concrete specimen. 
   
 
   
   
Figure 7.5 Thermal distributions at different steps of the thermal analysis for the 200°C maximum 
exposure case (series A). 
 
 
 
 
End of heating stage 
End of cooling stage End of constant temperature  
t = 100 min t = 200 min t = 290 min 
t = 490 min t = 890 min t = 1030 min 
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7.2.2 Dynamic analysis 
The dynamic analyses for different loading rates are performed on thermally damaged 
CT specimen using the FE code MASA. Before discussing the numerical results for the 
two tested exposure conditions (series A and B), the numerical results of the not heated 
specimens (room temperature) are presented. In Table 7.2, the complete set of the 
numerically performed analyses is summarized. 
Test  
Max. 
Temperature (°C) 
Applied displacement rate (mm/s) 
Experimental Numerical 
- 20 - 3700 
- 20 - 3100 
- 20 - 1300 
- 20 - 45 
    
A - 01 200 3700 3700 
A - 06 200 3100 3100 
A - 02 200 1300 1300 
A - 07 200 45 45 
    
B - 05 400 4000 4000 
B - 07 400 3500 3500 
B - 03 400 1300 1300 
B - 01 400 42 42 
Table 7.2 Numerically analyzed dynamic cases for the not exposed, series A and B. 
 
7.2.2.1 Not heated CT specimen at room temperature 
 To get reference values, which can be compared with the results obtained at high 
temperature exposures, dynamic analyses on undamaged CTS (room temperature) at high 
loading rates are performed. In Figure 7.6 the crack patterns for different loading rates are 
shown (red colour corresponds to a critical crack opening of 0.1 mm). As expected, with 
the increase of the loading rate, the crack propagation changes, switching from one single 
vertical crack perpendicular to the direction of the applied load to crack branching. 
Differently from the case studied in Ožbolt et al. (2013), in the here discussed undamaged 
CTS, the crack branching is observed already at displacement rate of approximately 1300 
mm/s, while in the previous study it was obtained at 3300 mm/s. The reason of the 
difference can be attributed to the different concrete mechanical properties. With the 
increase of the applied displacement rate, crack pattern shows a further change. In detail, a 
not completely developed multiple crack branching (at 3100 mm/s) and a crack branching 
with a second parallel crack (at 3700 mm/s) are observed. 
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v = 45 mm/s v = 1300 mm/s 
  
v = 3100 mm/s v = 3700 mm/s 
Figure 7.6 Numerical experimental crack pattern for not exposed specimen (room temperature) at 
different loading rates (red criterion corresponds to a critical crack opening of 0.1 mm). 
 
Figure 7.7 shows the calculated crack velocities for the four loading rates. The crack 
velocities are estimated from the numerical simulation taking into account, for each crack 
stretch, the time necessary for the complete crack opening (crack is considered completely 
developed when its opening reaches the critical value of 0.1 mm) and the corresponding 
propagated crack length in that time. 
As already discussed by Ožbolt et al. (2013, 2015), the results indicate that the crack 
propagation velocity depends on the loading rate, i.e. it increases with the rise of the 
displacement rate. Furthermore, once that the crack branches reaching critical velocity, 
further crack velocity decreases. 
In Table 7.3 the numerically calculated reaction peaks for different loading rates are 
summarized. The reaction - time curves are plotted in Figure 7.8a for high loading rates 
and Figure 7.8b for the quasi-static case. As can be noted, comparing the values obtained 
at high loading rates with those achieved under quasi-static loading, a strong increase in 
terms of reaction peak can be observed. 
 
7. FE analysis of plain concrete CT specimen pre-damaged by fire 
 
 
140 
 
  
v = 45 mm/s v = 1300 mm/s 
  
v = 3100 mm/s v = 3700 mm/s 
Figure 7.7 Numerically calculated crack propagation velocities for different loading cases (room 
temperature). 
 
Displacement  
rate 
(mm/s) 
Numerical  
reaction forces 
(kN)  
3700 3.93 
3100 3.65 
1300 3.45 
45 1.90 
static 1.40 
Table 7.3 Numerically calculated reaction forces for the specimen at room temperature. 
The rise in the dynamic reaction peaks can be attributed to the effect of inertia and not 
to a real material strength increase (Ožbolt et al., 2013, 2014, 2015). This conclusion is 
validated by the graphs plotted in Figure 7.9, where the Dynamic Increase Factor (DIF), 
corresponding to the ratio between dynamic and quasi-static value in terms of tensile 
strength, fracture energy and reaction, are plotted as a function of the obtained strain rates 
at each loading rate. Furthermore, the results obtained in each analysis measured in 
correspondence of the finite element in which the crack starts to propagate, are compared 
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with the concrete rate dependent constitutive law based on the microplane model. As can 
be noted, both tensile strength and fracture energy (respectively Figures 7.9a, b), follow 
  
(a) (b) 
Figure 7.8 Obtained reaction histories at different loading rates for the not heated specimens 
(room temperature): (a) high loading rates and (b) quasi-static analyses. 
  
(a) (b) 
 
(c) 
Figure 7.9 Calculated DIF for (a) stength, (b) fracture energy and (c) reaction for the not exposed 
specimens: comparison between the values obtained from rate dependent constitutive law 
(microplane model) and from the finite element. 
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the rate dependent constitutive law, exhibiting in semi-log scale a linear increase even at 
high loading rates. Therefore, it is clear that the real material strength does not increase 
progressively at high loading rates, but it simply follows the described constitutive law. 
However, the response is completely different when the graph plotted in Figure 7.9c is 
analysed. Here the DIF on reaction shows a linear increase at low loading rates, which 
becomes exponential when a critical threshold of approximately 50 – 100 s-1 is reached. 
As discussed in Ožbolt et al., 2013, 2014, 2015, the reason is due to the inertia effects 
related to crack propagation. 
Displacement  
rate 
(mm/s) 
Strain 
 rate 
(1/s) 
Tensile 
strength 
(MPa) 
Fracture 
energy 
(J/m
2
) 
3700 107.6 3.86 39.0 
3100 93.19 3.88 39.2 
1300 63.54 3.83 38.1 
45 1.01 3.52 40.5 
static - 2.51  26.2 
Table 7.4 Summary of the numerical results obtained for the not exposed specimens. 
 
In Table 7.4 a summary of the numerically calculated strain rates, tensile strengths and 
fracture energies is given for each applied displacement rate. The rate dependent tensile 
strength, fracture energy and strain rate are calculated from the curves shown in Figures 
7.10a, b, which show the maximal principal strain and stress histories measured in the 
finite element where the crack starts to propagate through the specimen. The strain rates 
(dε/dt) are evaluated from the strain-time curves obtained at different loading rates, i.e. 
dε/dt is calculated as the tangent of the curve in the point where the maximal tensile 
strength (maximal principal stress) is reached. It can be noted that with the rise of the 
displacement rate the slope of the corresponding strain history become steeper, i.e. the 
  
(a) (b) 
Figure 7.10 Calculated maximal (a) principal strain and (b) stress in the finite elementent where 
the crack is initiated, for three different applied loading rates in not heated specimens (room 
temperature). 
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strain rate increase. The maximal principal stress histories plotted in Figure 7.10b shows 
that the applied loading rate has almost no influence on the strength, which remains almost 
constant for each analysed case following the rate dependent constitutive law (Figure 
7.9a). After reaching the material tensile strength, the stresses decrease with the increase 
of the crack width. The fracture energy (GF) instead, on the base of the crack band 
method, is calculated as the area under the stress-strain curve obtained from the same 
finite element, multiplied by its characteristic length (h). 
 
7.2.2.2 Thermal exposure 200°C (A-series)    
In this section the dynamic analyses carried out on the specimen exposed to 200 °C are 
validated against the obtained experimental data in terms of crack patterns, reaction-time 
histories and crack propagation velocities. In Figure 7.11 numerical and experimental 
failure modes are compared. Red colour corresponds to a crack opening of approximately 
0.1 mm. As can be seen, at relatively low loading rates (45 and 1300 mm/s), the numerical 
simulations can realistically replicate the experimental results. For the low loading rate (45 
mm/s), a single crack propagates from the notched zone almost perpendicularly to the 
loading direction, changing to crack branching at 1300 mm/s loading rate. For higher 
displacement rates (3100 and 3700 mm/s) the predicted crack pattern does not match with 
that experimentally obtained. In the tests, for both displacement rates crack branching is 
observed, while in the simulations, two distinguished cracks, one starting from the notch 
tip and the other from the edge of the loaded steel plate, are observed. The differences in 
the crack patterns can be attributed to the possibility that the reduction of concrete 
properties, in particular Young´s modulus and tensile strength, considered in the numerical 
code are too strong compared to what really happens in the tests. Consequently, the crack 
branching starts at onset of cracking. 
However, even if the numerical analyses cannot perfectly match the experimental crack 
patterns, in both cases, it is clearly shown that the applied loading rate has a strong 
influence on the cracks propagation directions as already pointed out in previous studies 
(Ožbolt et al., 2011, 2013, 2015). 
In Figure 7.12 the calculated cracks propagation velocities are plotted and compared for 
the four main analyzed loading cases. As expected, the cracks velocities increase as the 
applied displacement rate increase, with an initial crack propagation velocity changing 
from 408 m/s for 1300 mm/s loading rate to 970 m/s for 3700 mm/s. Furthermore, 
comparing the numerical computed crack velocities with those experimentally evaluated 
(Figure 3.10a), it can be noted that very similar values are reached during the tests. In 
particular, very similar velocities are observed in case of loading rate of 1300 mm/s, when 
the crack branching is detected, for both numerical and experimental cases. Crack 
propagation velocities at higher loading rates (3100 and 3700 mm/s) cannot be exactly 
compared, since different failure modes are obtained in the numerical simulations. 
However, it can be noted that even in the experiments, the same trend corresponding to a 
strong crack velocity increment with the rise of the displacement rate is observed. 
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(a) (b) 
Figure 7.11 Comparison between (a) numerical and experimental (b) crack pattern for the A 
series (maximum exposure 200 °C) at different loading rates (red criterion corresponds to a 
critical crack opening of 0.1 mm). 
v = 45 mm/s 
v = 1300 mm/s 
v = 3100 mm/s 
v = 3700 mm/s 
 Numerical and experimental study of concrete structures exposed to impact and fire  
 
 
145 
 
  
v = 45 mm/s v = 1300 mm/s 
  
v = 3100 mm/s v = 3700 mm/s 
Figure 7.12 Numerically calculated crack propagation velocities for different loading cases (A-
series). 
Figure 7.13a shows the reaction-time histories for the three analyzed loading rates. 
Moreover, in Figure 7.13b they are directly compared with the corresponding curves 
measured during the tests. In Table 7.5, the peak values are summarized for both 
experimental and numerical sets. Numerical profiles show good agreements with those 
experimentally observed. Furthermore, analyzing for both sets (numerical and 
experimental) the reaction peaks and comparing them with those obtained from the quasi-
static case, it can be observed that reaction peaks increase with the rise of the applied 
displacement rate.  
As already discussed in case of not heated specimens, the here showed apparent 
resistance increase is not related to a real concrete strength rise, but rather inertia effects 
are responsible for the progressive increment of the dynamic reaction peaks. In Figure 
7.14 the Dynamic Increase Factor (DIF) on tensile strength, fracture energy and reaction 
as a function of strain rates are plotted. Both tensile strength and fracture energy (Figures 
7.14a, b) follow the rate dependent constitutive law with a linear increase. 
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Test  
Max. 
Temperature 
(°C) 
Displacement  
rate 
(mm/s) 
Reaction forces (kN) 
Experimental Numerical 
A - 01 200 3700 5.3 3.4 
A - 06 200 3100 2.6 3.6 
A - 02 200 1300 3.9 3.2 
A - 07 200 45 2.3 1.5 
- 200 static - 0.99 
Table 7.5 Comparison between experimental and numerical reaction forces for the A-series. 
The DIF on reaction, calculated as the ration between dynamic reaction and reaction for 
loading rate of 45 mm/s, exhibits a low increase at low loading rates which becomes 
higher when the loading rates increase. In the Figure 7.14c numerical and experimental 
results are plotted. As can be seen, both sets of analyses show the same trend. However, it 
can be noted that the progressive increase of DIF is less pronounced than in the case of 
thermally undamaged specimen. 
 
(a) 
  
(continued) 
 
 
 Numerical and experimental study of concrete structures exposed to impact and fire  
 
 
147 
 
(continued) 
  
(b) 
Figure 7.13 Obtained reaction histories at different loading rates for the A-series (200°C thermal 
exposure): (a) numerical calculated histories and (b) comparison between numerical and 
experimental profiles. 
  
(a) (b) 
 
(c) 
Figure 7.14 Calculated DIF for (a) stength, (b) fracture energy and (c) reaction for the 200 °C 
exposure cases: comparison between the values obtained from rate dependent constitutive law 
(microplane model) and from the finite element. 
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In Table 7.6 strain rates, tensile strengths and fracture energies are given for different 
loading rates. Figures 7.15a, b show, respectively, maximal principal strain and stress 
histories evaluated from the FE element at the onset of cracking. Similarly to the results 
obtained for the not heated specimens, the trends demonstrate that the applied loading rate 
has no influence on the true strength, which remains almost constant. 
Test  
Max. 
Temperature 
(°C) 
Displacement  
rate 
(mm/s) 
Strain 
 rate 
(1/s) 
Tensile 
strength 
(MPa) 
Fracture 
energy 
(J/m
2
) 
A - 01 200 3700 108.4 2.91 51.9 
A - 06 200 3100 99.94 2.94 53.9 
A - 02 200 1300 79.81 2.88 51.6 
A - 07 200 45 1.28 2.65 48.4 
- 200 static - 1.86 31.7  
Table 7.6 Summary of the numerical results obtained from the A-series analyses. 
  
(a) (b) 
Figure 7.15 Calculated maximal (a) principal strain and (b) stress in the finite elementent where 
the crack is initiated, for the three different applied loading rates in the A-series (200°C). 
 
7.2.2.3 Thermal exposure 400°C (B-series)   
In this section the experimental results obtained for the compact tension specimens 
loaded at high strain rates after a maximum fire exposure of 400 °C, are compared with 
the performed numerical analyses.  
Figure 7.16 shows numerically predicted and experimental failure modes for different 
loading rates. Four loading rates are numerically simulated: 45, 1300, 3500 and 4000 
mm/s. It can be seen that numerical crack patterns nicely replicate those obtained 
experimentally. At very low loading rate, one single almost vertical crack is observed. 
With the rise of the applied load, the crack direction becomes progressively more inclined, 
rotating in the direction of the applied displacement. At already 1300 mm/s crack 
branching is obtained.  At even higher displacement rates, the failure pattern further 
changes from crack branching to a “two-parallel cracks” propagation. 
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(a) (b) 
Figure 7.16 Comparison between (a) numerical and experimental (b) crack pattern for the B 
series (maximum exposure 400 °C) at different loading rates (red criterion corresponds to a 
critical crack opening of 0.1 mm). 
 
v = 42 mm/s 
v = 1300 mm/s 
v = 3500 mm/s 
v = 4000 mm/s 
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v = 42 mm/s v = 1300 mm/s 
  
v = 3500 mm/s v = 4000 mm/s 
Figure 7.17 Numerically calculated crack propagation velocities for different loading cases (B-
series). 
 
 
Test  
Max. 
Temperature 
(°C) 
Displacement  
rate 
(mm/s) 
Reaction forces (kN) 
Experimental Numerical 
B - 05 400 4000 2.7 2.62 
B - 07 400 3500 1.75 2.44 
B - 03 400 1300 3.2 3.5 
B - 01 400 42 1.8 1.28 
- 400 static - 0.71 
Table 7.7 Comparison between experimental and numerical reaction forces for the B-series. 
 
Comparing the here discussed crack patterns with those obtained for the 200 °C thermal 
exposure (7.11a), it can be noted that higher thermal exposure yields to an increase of the 
damage accumulation into the concrete specimen.  Similar as in the previous case, this 
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kind of failure can be attributed to the crack branching which, for relatively high loading 
rates, stars at onset of cracking. 
In Figure 7.17 numerically calculated crack propagation are shown. The crack velocity 
increases with the rise of the loading rate and, at applied displacement rate of 4000 mm/s, 
it reaches approximately 1200 m/s. Furthermore, the same trend already obtained in the 
experimental tests (Section 3) can be here observed. Comparing the crack propagation  
 
(a) 
    
    
(b) 
Figure 7.18 Obtained reaction histories at different loading rates for the B-series (400°C thermal 
exposure): (a) numerical calculated histories and (b) comparison between numerical and 
experimental profiles. 
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velocities at the same loading rate but at different thermal exposure, it can be noted that 
the crack speed increases with the rise of the temperature. This effect can be considered a 
consequence of the fact that with the increase of the thermal damage, the material becomes 
more brittle and consequently, crack velocity increases. Taking into consideration the 
complexity of the problem, the comparison between numerical and experimental results in 
terms of crack propagation velocities shows that the numerical model is able to 
realistically predict the measured values. 
In Table 7.7 experimental and numerical reaction peaks are summarized and Figure 
7.18 shows experimental and numerical reaction-time histories. The numerical curves 
(Figure 7.18b) match well with the experimentally measured reaction forces. The higher 
temperature in the series B yields to a stronger reduction of concrete tensile strength, 
which in turn leads to a stronger decrease of the observed reaction peaks. 
In particular, the effect of the structural inertia at high strain rates is clearly demonstrate 
analysing the graph plotted in Figure 7.19c in which the DIF in terms or reaction is plotted 
as a function of the strain rate. Note that DIF for reaction is calculated for scaling with 
respect to loading rate of 42 mm/s.  
  
(a) (b) 
 
(c) 
Figure 7.19 Calculated DIF for (a) stength, (b) fracture energy and (c) reaction for the 400 °C 
exposure cases: comparison between the values obtained from rate dependent constitutive law 
(microplane model) and from the finite element. 
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The results show that for higher strain rates there is no clear progressive increase of 
DIF as observed at room temperature.  
Table 7.8 summarizes the numerical results obtained at different loading conditions in 
terms of strain rate, tensile strength and fracture energy. 
Test  
Max. 
Temperature 
(°C) 
Displacement  
rate 
(mm/s) 
Strain rate (1/s) Tensile 
strength 
(MPa) 
Fracture 
energy 
(J/m
2
) Numerical Experimental 
B - 05 400 4000 156.73 82.17 1.90 56.0 
B - 07 400 3500 130.78 155.4 1.91 56.5 
B - 03 400 1300 84.09 61.52 1.89 54.0 
B - 01 400 42 1.12 - 1.69 49.0 
- 400 static - - 1.19 32.8  
Table 7.8 Summary of the numerical results obtained from the B-series analyses and comparison 
with the experimental measured strain rates. 
  
 
Figure 7.20 Comparison between numerically calculated and experimental measured (strain 
gauges) strain histories at three different loading rates for the B-series tests (400 °C). 
In Figure 7.20 the strain-time histories obtained from numerical simulations are 
compared with those experimentally measured. Considering the complexity of the 
measurement of the strain rates with the use of strain gauges, the comparison between the 
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two sets of values is satisfactory. In addition, it should be noted that to obtain a reliable 
comparison between numerical and experimental results, the experimental and numerical 
strains should be evaluated exactly at the same location, i.e. at the notch tip, where the 
crack initiates. However, due to technical difficulties, the experimentally measured strains 
are only approximately evaluated at the notch tip. 
In Figure 7.21 maximal principal stress and strain from the finite element in which the 
crack starts to propagate are compared for three loading rates. The maximal tensile 
stresses are lower compared to those obtained in tests A (Figure 7.15b), since the higher 
level of temperature expose yields to a stronger tensile strength reduction (at 400 °C it 
corresponds approximately to the 50%).  
  
(a) (b) 
Figure 7.21 Calculated maximal (a) principal strain and (b) stress in the finite elementent where 
the crack is initiated, for the three different applied loading rates in the B-series (400°C). 
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7.3 Comparison and conclusions 
3D finite element analyses performed to simulate the investigated concrete compact 
tension specimen under coupled thermal and dynamic loading are presented and discussed.  
Numerical results are validated against experimental data in terms of failure modes, crack 
propagation velocities, reaction-time histories, strain rates, maximal principal stresses, 
strains and DIF (strength, fracture energy and reaction). It is found that the employed 
numerical model can realistically reproduce complex phenomena related with the concrete 
behaviour under coupled thermo-dynamic loading. Moreover, from the analysis of the 
results obtained from both numerical and experimental investigations, it is possible to 
highlight new aspects of the fire damaged concrete behaviour at high loading rates.  
  
(a) 
 
(b) 
Figure 7.22 (a) Experimental and numerical comparison between non heated (room temperaure), 
200 °C and 400 °C exposed specimens in terms of DIF (reaction) as a function of strain rate; (b) 
zoom between strain rate 1x10
0 
and 1x10
3
 sec
-1
. 
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In Figure 7.22 experimental and numerical results obtained from all investigated cases 
at different thermal exposure conditions and loading rates are summarized in terms of 
Dynamic Increase Factor for reaction as a function of strain rates. As can be noted, all the 
experimental and numerical data, independently from the prior thermal conditions, exhibit 
the same trend, with a linear increase at low loading rate, which becomes progressively 
exponential at high loading rate (critical limit can be assumed equal to 50 s
-1
). 
Figure 7.23 shows reaction peaks as a function of the applied displacement rate for the 
three temperatures (20, 200 and 400 °C). If the attention is focused on the trends, it can be 
seen that the behaviour at high loading rate is strongly influenced by the prior thermal 
exposure. Two main conclusions can be drawn out: (i) with the increase of the temperature 
concrete rate sensitivity becomes less pronounced and (ii) higher temperature induced 
damage exhibits higher strain rates and higher speed of load propagation. In Table 7.9 a 
summary of the numerical calculated strain rates and initial crack velocities is given. 
As pointed out in Ožbolt et al. (2014), in case of brittle materials, where no material 
softening is observed, the influence of inertia on the apparent strength is relatively small. 
The same conclusions can be drawn out analysing the results here presented. In the 
investigated compact tension specimens, higher level of temperature causes stronger 
degradation of concrete properties, which leads to a more brittle behaviour and less 
prominent rate sensitivity.  
 
Comparing numerical and experimental trend lines in Figure 7.23, it can be noted that, 
even though the same trend is obtained for both numerical and experimental results, the 
increase of reaction as a function of displacement rate is more pronounced in the 
numerical analyses. This effect can be possibly attributed to the fact that, in the employed 
numerical model the fracture energy as function of the temperature is implemented on the 
 
Figure 7.23  Experimental and numerical comparison between non heated, 200 °C and 400 °C 
exposed specimens in terms of peak reaction - displacement rate (continuos trend lines correspond 
to the FE analyses, dotted trend lines to the experimental tests). 
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base of the results obtained by Zhang and Bicanic (2002). The test results show that, up to 
600 °C, fracture energy of concrete increases with the increase of the temperature. 
However, in the here discussed experimental tests, the thickness of the specimen was 
relatively small (25 mm) and possibly the fracture energy does not increase with the 
temperature rise. This means that in the experimental investigations the thermal damage of 
concrete was stronger than assumed in the model. 
Displacement 
Rate 
 (mm/s) 
Strain rate (1/s)  Initial crack velocity (m/s) 
not heated 200 °C 400 °C  not heated 200 °C 400 °C 
4300 - 3700 107.6 108.4 156.73  567-789 970 - 893 814 - 1139 
3500 - 3100 93.19 99.94 130.78  738 703 - 983 725 - 926 
1400 - 1300 63.54 79.81 84.09  407 408 583 
45 - 40 1.01 1.28 1.12  19 14 9 
Table 7.9 Comparison of the numerical results obtained from the 200 °C, 400 °C and not exposed 
specimen analyses at different loading rates in terms of strain rates and initial crack velocities. 
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8. NUMERICAL FE STUDIES OF THERMALLY DAMAGED RC 
STRUCTURES 
 
8.1 Reinforced concrete slabs 
In the present section the experiments carried out at the Bhabha Atomic Research 
Center (Mumbai) to study the penetration behaviour of hammer into reinforced concrete 
slabs are numerically simulated. The results are discussed and compared with those 
obtained experimentally. 
The analysis is performed by employing two different finite element codes: MASA and 
CIF, already described in Section 5. In particular, the thermal transient analysis (Section 
5.5.1) is performed by employing MASA code, while the 3D impact simulations based on 
multi body dynamic analyses with contact algorithm and adaptive element deletion technic 
are carried out using CIF code. The pre-processing part, in which the geometries, the 
meshes and loads are generated, is performed using the commercial program FEMAP. 
In the first part the employed model with the corresponding geometrical properties, 
mesh type and element discretizations are given. The results of thermal and dynamic 
analysis for each tested case (Slab 1, Slab 2 and Slab 6) follow in the subsequent sections.  
 
8.1.1 Numerical model and material properties 
In the finite element model employed in the slab simulations two bodies are involved, 
the reinforced concrete slab and the steel hammer. In the first stage, during the thermal 
analysis, only RC slab is involved in the calculation while hammer is deactivated. After 
the solution of the thermal analysis in MASA, output in terms of thermal distributions 
inside the elements, thermal damage and thermal strain and stresses are available. On the 
base of this state of stress and strain, and residual material properties, the next impact 
analysis in CIF is performed activating hammer impact. In this second stage, the problem 
to be solved is a typical impact problem with two bodies, reinforced concrete slab 
(master), and hammer (slave). 
The discretized geometries are the same as in experimental program. The impact 
analysis is influenced by the impact shape of the slave body and by its total weight. In the 
numerical model the hammer is modeled as a cylindrical body (diameter 170 mm total 
length 420 mm) with a smooth spherical head (radius 191 mm) on the impact side (Figure 
8.2c). Steel reinforcement are discretized with solid tetrahedral elements and are modeled 
as rectangular welded bars (square section) with dimension corresponding to the bar 
diameter (8 mm for the 150 mm slab and 10 mm for the 200 mm slab), as can be seen in 
Figure 8.1. As the reinforcement, the concrete discretization is performed using 4-node 
finite elements with a progressive mesh size distribution. Finer mesh (element size about 
10 mm) is used in the center of the slab corresponding to the impact zone, and slightly 
coarser far from this point, with dimensions of about 25 mm along the concrete borders 
(Figures 8.1c, d). Concrete and reinforcement elements are in full contact, i.e. the surface 
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mesh on the reinforcement layers perfectly matches with that on the concrete solid. The 
reinforcement spacing matches perfectly with the real experimental test and corresponds to 
150 mm for the slab with 150 mm thickness and to 200 mm for the 200 mm slab. 
 
(a) 
 
(b) 
  
(c)  (d) 
Figure 8.1 3D numerical model of the 150 mm thickness slab: (a) global mesh, (b) reinforcement 
mesh (φ 8 mm) and detail of the impact zone (c) concrete and (d) reinforcement elements size. 
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(a) (b) 
 
(c) 
Figure 8.2 3D numerical mesh for the 200 mm slab: (a) global mesh, (b) reinforcement mesh 
(φ 10 mm) and (c) details of the punch discretization. 
To reduce computational time, double symmetry is assumed, i.e. only a quarter of the 
whole slab and hammer is discretized. Figure 8.3 shows the detail of the final analyzed 
model (a quarter) for the slab D = 200 mm. Moreover, in the same figure boundary 
conditions are shown. The sketched planes correspond to the surfaces on which the nodes 
are constrained in a defined direction. Red surfaces correspond to the symmetry planes 
located in x and y directions, while the yellow planes, located along the slab borders on 
both sides (upper and bottom), simulate the constraint effect of the supporting steel 
structure employed during the impact tests.  
To investigate the objectivity of the double symmetry assumption, for one selected 
case, the analysis for the complete discretization was compared with that obtained with the 
symmetry assumption. No significant differences were observed. In this case the employed 
mesh was relatively coarse. Once the objectivity of the one quarter model was verified, 
concrete and reinforcement meshes were refined to obtain an adequate model which could 
realistically represents the real slab deformation and hammer penetration.  
The material properties employed in the numerical simulations are summarized in 
Table 8.1 and are calculate based on the Eurocode 2 using the compressive strength  
  Diameter 170 mm 
Overall length 420 mm 
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Figure 8.3 Quarter of the 3D numerical model with corrisponding boundary conditions (200 mm) 
measured on concrete cylindrical specimens at ambient condition (Table 4.3) (Parmar et 
al., 2014). 
Concrete and reinforcement steel are modeled as non-linear materials, while the steel 
punch is assumed to be made of normal steel (linear elastic) with specific weight γs = 7800 
kg/m
3
, Young´s modulus Es = 210 GPa and Poisson´s ratio νs = 0.33. Table 8.2 
summarizes the main material thermal properties for concrete and steel which were used 
as input parameters in the transient thermal analyses.  
 Concrete Reinforcement 
steel  150 mm 200 mm 
ρ (kg/m3) 2400 2400 7800 
E (MPa) 28600 26300 210000 
fc (MPa) 24.00 18.20 - 
ft (MPa) 1.90 1.40 - 
GF (N/m) 55.00 46.00 - 
n (-) 0.18 0.18 0.33 
fy (MPa) - - 480.00 
fu (MPa) - - 550.00 
Table 8.1 Material properties used in the FE slab analyses for concrete and reinforcement steel 
As already discussed in Section 2.1.5.1, concrete thermal conductivity and heat 
capacity are influenced from the level of thermal exposure. To account for these effects, 
thermal conductivity and heat capacity have been modeled according to the curves defined 
in the Eurocode 2 (DIN EN 1-2, 2004) and already shown in Figures 2.6 and 2.7. On the 
basis of the results discussed in Lakhani et al. (2013), for thermal conductivity the lower 
Symmetry plane Ux = 0 
Symmetry plane Uy = 0 
Ux, Uy, Uz = 0 
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master curve has been adopted. For heat capacity it was chosen the profile without 
accounting for the moisture content influence (u = 0%). 
 Concrete 
Reinforcement 
steel 
ρ (kg/m3) 2400 7800 
λ (W/mK) 1.36 43.0 
cp (J/kgK) 900.0 490.0 
Table 8.2 Thermal properties (at 20°C) employed in the FE analyses for concrete and steel. 
 
8.1.2 Numerical results and comparison: Slab 1 
 
8.1.2.1 Thermal FE analysis 
In the Slab 1 (200 mm thickness) thermal exposure and impact load are applied on two 
different sides as shown in Figure 8.4. To perform thermal analysis, initial thermal 
conditions in terms of nodal temperature have to be given. Moreover, to allow the heat 
transfer through the concrete slab, a surface heat flux is applied.  To simulate the thermal 
exposure achieved in the experiment, the model was thermally exposed on the bottom side 
of the slab. Three different exposure stages were applied. In the first step, the heating of 
the surface is provided on the base of the ISO834 temperature-time history followed by 60 
minutes heating and reaching a maximum temperature of about 950 °C. In the second part, 
cooling phase is applied by linear decrease of air temperature over one hour. After that, the 
 
 
Figure 8.4 Sketch of the thermal and impact conditions applied to the FE  numerical model (a 
quarter) for the Slab 1. 
Impact point 
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Figure 8.5  Comparison between experimental temperature exposure and numerically applied 
thermal load (Slab 1). 
air temperature is kept constant (at a room temperature of 20 °C) for several hours to allow 
the complete cooling of the whole slab cross section. Figure 8.5 shows a comparison 
between the three above described applied phases and the thermal histories recorded from 
the thermocouples located inside the oven. 
Figures 8.6a, b show the heat transfer inside the slab at different stages of the thermal 
analysis. As can be seen from the temperature distributions (Figure 8.6a), the numerical 
profiles fit very well with those experimentally obtained. The curves are plotted for 
different slab locations (Figure 4.6b), i.e. location 1 correspond to the section closest to the 
exposed side, while location 5 to the farthest. 
The same as in the experiments, the numerical results highlight that the heat transfer is 
progressive through the slab section. At the beginning of the cooling phase, the inner part 
of the concrete section is subjected to a further increase of the temperature level, while the 
external one starts to cool down. During the cooling phase, even if the exposure of heat 
decreases, the heat continues to propagate for some time through the section before it 
starts to decrease. At the end of the cooling phase, still a part of the concrete slab is subject 
to temperature between 150 and 300 °C. Only after few hours of constant room 
temperature the structure is completely thermally unloaded. One difference that can be 
noted is that the numerical model is not able to catch the temperature plateau evidenced in 
the tests (Section 4.1.1.3) for the inner slab locations (Loc 4 and 5) that is attributed to the 
water evaporation (moisture) of concrete. Moreover, the maximum numerically predicted 
peaks of the internal slab sections exhibit slightly higher values compared to those 
obtained from the experiments. These differences can be attributed to the fact that the 
employed model is a thermo-mechanical model and not a hygro-thermo-mechanical model 
(Periskic, 2009 and Bošnjak, 2014). This means that the effects related to the vaporization 
and water migration are not considered in the present analyses. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 8.6 Heat transfer during the transient thermal analysis: (a) comparison between 
numerical and experimental temperature profiles at different slab cross section dephts for the A 
position and (b) numerical calculated temperature transfer at different thermal loading stages 
(heating, cooling and constant room temperature), Slab 1. 
T = 30 min T = 60 min 
T = 75 min T = 120 min 
T = 130 min T = 720 min 
End of heating stage 
End of cooling stage 
End of constant temperature stage 
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Figure 8.7  Crack pattern at the end of the thermal analysis for Slab 1; red criterion corresponds 
to a critical crack opening of 0.2 mm. 
Figure 8.7 shows the cracks distribution at the bottom (heated) slab surface at the end of 
the total temperature exposure. As can be seen, the damage is smeared overall the slab 
surface with some localized cracks (red criteria correspond to a critical crack width of 0.2 
mm) in correspondence to the longitudinal reinforcement grid. The damage level can be 
attributed to the development of the thermal strains gradients, which are larger along the 
supported part of the slab. Moreover, additional strains are accumulated during the cooling 
stage due to the differential change of temperature over the slab thickness. The two grey 
strips in Figure 8.7 on the slab borders, characterized by zero strains, correspond to the 
zone were the constraints are located, i.e. no damage is there possible.  
 
8.1.2.2 Dynamic FE analysis 
The dynamic analysis is carried out by employing the transient impact analysis with 
contact and fragmentation algorithm implemented in the program CIF (Section 5.4.3). At 
the end of the thermal analysis performed using the FE code MASA, a restart file with all 
input information necessary for the further impact simulation, such as stress and strain 
field, material properties, etc., is written. In this way, the impact analysis is performed on 
the thermally damaged slab.   
In the here discussed case (Slab 1), the impact is provided dropping a steel punch of 
588 kg weight at the center of the RC slab from the height of 5 meter. For this analyzed 
case the impacted slab surface (top side) does not match with the exposed one, since the 
heating exposure was applied on the bottom slab. The simulation of the hammer impact 
from 5 m height is performed by prescribing an impact velocity of 9.75 m/s.  
In the numerical simulation bulk viscosity is applied in order to assure the stability of 
the analysis (İrhan, 2014). The value employed as artificial bulk viscosity has been 
properly calibrated on the base of a parametric study carried out for the same problem 
(Slab 1). The element deletion criteria based on the maximum principal strains has been 
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used to remove high deformed (distorted) or damaged elements. It has been set to a value 
of 1.0 (İrhan, 2014).  
In the simulation, several nodes and elements on both slab faces have been monitored 
to obtain the progressive slab displacement profiles with the advanced hammer 
penetration. Moreover, nodes on the punch tip have been also monitored to verify the 
punch penetration velocity and to compare it with that experimentally measured. 
As can be seen from Figure 8.8, the here analyzed impact problem (Slab 1) leads to the 
total perforation of the slab with yielding and cutting of the reinforcement layers. In 
Figures 8.9a, b are presented the concrete crater formed during the penetration of the 
whole slab section and the deformation of the steel reinforcement layers (top and bottom) 
at the end of the impact analyses (real deformation scale). Furthermore, Figure 8.10 shows 
the progressive hammer penetration at different numerical stages.  
 
(a) 
 
(b) 
Figure 8.8  Numerical damage distribution at the end of the punch penetration: (a) lateral and (b) 
bottom view (Slab 1). 
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(a) 
Plane 
yz 
 
 
 
Plane 
xz 
 
(b) 
Figure 8.9  (a) Crater profile at the end of the impact analysis and (b) reinforcement deformation 
along yz and xz planes (Slab 1). 
 
In principle, the hard hammer perforation process can be divided into an initial 
cratering phase, a subsequent tunneling phase and a final phase characterized by the 
spalling of the back face of the slab. Due to the initial high impact velocity, the entrance 
crater is well defined with no evident spalling phenomena or cracking of the front face. 
The reinforcement near to the front face is cut in the first phase of the impact, while that 
on the bottom, due to the high reduction of the hammer velocity during the penetration, is 
just pushed and spread around the hole. 
 
 
Top Reinforcement 
Bottom Reinforcement 
Top Reinforcement 
Bottom Reinforcement 
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Lateral View 
   
Bottom View 
   
Time = 0.010 sec Time = 0.021 sec Time = 0.033 sec 
 
Lateral View 
   
Bottom View 
   
Time = 0.050 sec Time = 0.065 sec Time = 0.083 sec 
Figure 8.10  Progressive punch penetration through the reinforced concrete plate (Slab 1). 
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As already pointed out by Zineddin and Krauthammer (2007), reinforced concrete slabs 
failure under impact is strongly influenced from the entity of the impact load; i.e. 
reinforced concrete slabs designed to fail in a ductile manner (flexural failure) at low rates 
of loading, fail in a brittle way (shear failure) under high velocity impact. The here 
presented impact problem “enters” in the second class, with a strong damage localization 
in correspondence to the entrance crater and final failure due to punching shear with little 
bending involved. The shear cone with significant shear cracking on the bottom slab 
surface develops already in the early impact stages, before any bending crack grow.  
In Figure 8.11 a comparison between numerical and experimental results in terms of 
damage accumulation on the top and bottom slab surfaces is shown. The numerical results 
shown in Figure 8.11a have been mirrored two times (a quarter of the whole model has 
been calculated) to get a better visual comparison with the experimental failure mode. As 
can be seen, the numerical analysis can realistically reproduce the experimental test 
results, characterized by a clear entrance crater with a diameter almost coincident with the 
hammer diameter and by an exit crater with scabbing of concrete pieces ejected from the 
bottom face. In correspondence to the entrance crater, the impact load is very concentrated 
and the shear stresses are very high. This effect leads to a strong damage accumulation 
 
(a) 
 
(b) 
Figure 8.11  Comparison between numerical (right) and experimental (left) failure profiles for 
the Slab 1 case: (a) entrance crater and (b) exit crater (rear face scabbing). 
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and a very clear entrance hole. Moreover, the high shear concentration, leads to a clean cut 
of the top reinforcement layer already in the first penetrations stages. Nevertheless, with 
the proceeding of punch penetration, impact waves propagate through the specimen and 
when they arrive to the bottom concrete free face, they are reflected increasing the amount 
and the extension of the scabbed region (Ožbolt et al., 2014). In addition, it is important to 
note that, prior to the impact load, the slab was thermally exposed at the bottom slab 
surface up to approximately 950 °C. The thermal exposure yields to a global concrete 
material degradation which makes the concrete much weaker and brittle, i.e. the scabbing 
area is much more extended if compared to the same case without precedent thermal 
exposure (refer to Section 8.1.3 and 8.1.4). 
Analyzing the results obtained from the impact simulation performed in CIF, it can be 
concluded that the extension of the scabbed area is not as much extended as that obtained 
from the experimental test. Nevertheless, it is important to note, that the contact impact 
and fragmentation program (CIF) takes into account an element deletion criterion that is 
based on the reaching of the maximum principal strain. When the element reaches very 
high principal strains (equal to 1), it is automatically removed. Figure 8.12 shows the 
results at the end of the impact analysis in terms of maximal principal strains. At the 
bottom slab surface, radial and circumferential cracks (indicative of punching shear and 
bending) characterized by a crack width of 1.5 mm (in red) develop under the loaded area.  
To obtain the acceleration and velocity histories, high speed photography and 
accelerometers mounted on the punch were used. From known accelerations, the impact 
forces have been calculated by multiplying them with the mass of the drop punch. Figure 
8.13a shows a comparison between experimental and numerical impact forces. The 
numerically calculated history exhibits a higher peak (about 15% more) and the curve is 
characterized by an initial very steep increase of the peak load. After this point, the impact 
forces start slowly to decrease. 
  
Figure 8.12  Numerically calculated cracks distribution at the end of the impact analysis for the 
concrete Slab 1 (red criteria correspond to a crack width of 1.5 mm). 
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(a) (b) 
Figure 8.13 Comparison between numerical and experimental results in terms of (a) impact forces 
and (b) punch velocity for the Slab 1. 
Figure 8.13b, instead, shows a comparison in terms of punch velocity histories (node at 
the punch tip is monitored throughout the impact analysis). Numerical and experimental 
curves match very well. Moreover, from the analysis of the curves, the different 
penetration phases can be observed. At the beginning of the impact, velocity exhibits a 
very steep initial slope. This first part corresponds to the tunneling phase, in which the 
punch has still a large amount of kinetic energy and it can easily penetrate inside the 
concrete slab. At about 0.01 second, the punch impacts against the first reinforcement 
layer leading to an immediate strong reduction of the hammer velocity. After this point, 
the punch penetration is progressively slowed down and the energy of the impact is 
employed to cut the first reinforcement layer and then to continue to penetrate between the 
two reinforcement layers. When the hammer impacts against the second reinforcement 
layer, almost all the impact energy has been already dissipated, i.e. the punch penetration 
velocity gets low and not enough energy is available to cut the second reinforcement layer. 
In the numerical predicted velocity history three strong oscillations can be seen at about 
0.01, 0.025 and 0.045 seconds. These instabilities correspond to the steps in which the 
hammer impacts against the reinforcement. Taking into consideration the complexity of 
the problem and of the performed thermo-impact coupling, the numerical analysis shows 
good agreement with the experiments in terms of punch velocity history, impact forces 
and failure mode. 
In Figure 8.14 are plotted the vertical displacements of the bottom slab surface for 
several nodes numerically monitored during the impact analysis. The vertical displacement 
profiles of the middle slab section along x and y directions are shown. Moreover, to get the 
evolution of the slab deformation with the hammer penetration, the curves are plotted at 
different time steps. Since the analysis is performed on a quarter of the geometry, the 
displacements shown in Figure 8.14 along each direction have been mirrored to obtain the 
deformations of the whole slab (total length 2000 mm along y and 1700 mm along x). As 
can be noted, a strong vertical displacement corresponding approximately to the half of the 
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maximum achieved value, is observed already in the first stage of the impact when the 
punch impacts against the first reinforcement layer (0.005 seconds). As expected, the 
maximum vertical displacement takes place under the impact point. 
 
(a) 
 
(b) 
Figure 8.14  Nodal numerically calculated vertical displacements of the bottom slab surface 
(Slab  1): (a) on yz and (b) on xz sections. 
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8.1.3 Numerical results and comparison: Slab 2 
 
8.1.3.1 Thermal FE analysis 
Differently from the previous case, temperature exposure is applied at the top slab 
surface that corresponds to the surface on which also the impact is performed (Figure 
8.15a). The thermal analysis follows the same procedure already described in Section 
8.1.2.1; i.e. three different thermal stages corresponding to the heating, cooling and 
constant room temperature are employed, simulating a total exposure time of 720 minutes 
(60 minutes of heating, 60 minutes of cooling and 600 minutes of constant temperature, 
Figure 8.15b). 
 
(a) 
 
(b) 
Figure 8.15  (a) Sketch of thermal and impact conditions applied to the FE model and (b) 
comparison between test temperature exposure and numerically applied thermal load (Slab 2). 
Figure 8.16 shows a comparison between numerical and experimental results in terms 
of temperature distributions for different depths in time. As can be observed, numerical 
results predict very well the experimental evidences.  
Impact point 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 8.16 Heat transfer during the transient thermal analysis: (a) comparison between 
numerical and experimental temperature profiles at different slab cross section dephts for the A 
position and (b) numerical calculated temperature transfer at different thermal loading stages 
(heating, cooling and constant room temperature), Slab 2. 
T = 30 min T = 60 min 
T = 75 min T = 120 min 
T = 220 min T = 720 min 
End of cooling stage 
End of constant temperature stage 
End of heating stage 
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The crack pattern at the end of the thermal exposure (after 720 minutes) on the exposed 
slab surface is shown in Figure 8.17a. The damage is spread over the whole surface with 
some localized cracks (red criteria correspond to cracks width of 0.2 mm) in 
correspondence of the concrete elements aligned in the vicinity of the reinforcement grid 
and close to the boundaries due to the large thermal gradients. 
For this slab geometry, some cracks localize also at the bottom slab surface (not 
exposed). Indeed, as already discussed before, during the thermal exposure, the complete 
slab has been effectively exposed to temperature of minimum 150 °C (Figure 8.16b). On 
the contrary, thickness of Slab 1 was larger (200 mm) and thermally induced damage was 
not observed at the non-exposed side of the slab.  
   
(a) (b)  
Figure 8.17 Crack pattern at the end of the thermal analysis for Slab 2; red criteria corresponds 
to a crack opening of circa 0.2 mm: (a) exposed face (top) and (b) opposite face (bottom). 
 
8.1.3.2 Dynamic FE analysis 
After the above discussed thermal exposure, the RC slab was subjected to impact 
provided in the centre of the exposed slab surface. The impact load is obtained by 
dropping a hammer of 588 kg from a height of 3 meters. These conditions yield to an 
applied impact velocity of 7.67 m/s. All the considerations done for the Slab 1 impact 
analysis are valid also for the present case. The failure mode at the end of the impact 
simulation is shown in Figure 8.18. Moreover, in Figure 8.19 is shown the damage at the 
end of the impact penetration in terms of concrete crater throughout the whole RC slab 
section (Figure 8.19a) and deformation and deflection of two reinforcement layers along 
the two planes xz and yz (Figure 8.19b).   
Similar to the previous case (Slab 1), the applied impact conditions lead to the almost 
complete perforation of RC slab, with the bottom reinforcement layer pushed over the exit 
crater. Differently to the Slab 1, the rear face is much more damaged. This effect can be 
related to the stronger push of the hammer on the bottom reinforcement layer, since here, 
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the longitudinal bar spacing is denser (spacing 150 mm instead of 200 mm), i.e. higher 
number of bars are involved during the impact penetration and the “spreading” area is 
larger (bottom reinforcement layer in Figure 8.19b).  
Opposite phenomenon is observed at the top reinforcement layer. For the Slab 2 the 
bars have diameter of 8 mm, while in the Slab 1 diameter is 10 mm (in both case concrete 
cover is the same and it is equal to 25 mm). The difference in the reinforcement section 
yields to a different response of the reinforcement. Namely, in the Slab 2, even if the 
initial impact conditions are characterized by a lower impact velocity and energy, the 
slicing of the top bars under extreme shear stresses (which takes place under the impact 
area) occurs in the very initial penetration stage and after 0.017 seconds one layer is 
already cut without inducing strong damage in the concrete section. In the Slab 1 (Figure 
8.10) instead, the first reinforcement layer is cut after about 0.033 seconds and only after a 
huge punch penetration, corresponding to almost the half of the slab thickness, which  
 
(a) 
 
(b) 
Figure 8.18  Numerical damage distribution at the end of the punch penetration: (a) lateral and 
(b) bottom view (Slab 2). 
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(a) 
Plane 
yz 
 
 
 
Plane 
xz 
 
(b) 
Figure 8.19  (a) Crater profile at the end of the impact analysis and (b) reinforcement deformation 
along yz and xz planes (Slab 2). 
leads to a higher damage accumulation also in the concrete part. Furthermore, it should be 
noted that in this case the heated and impacted slab surfaces are coincident; i.e. concrete 
on the impacted side is more brittle and easier to be penetrated. Figure 8.20 shows the 
punch penetration at different time steps and the corresponding numerically predicted 
damage accumulation. Time of 0.072 seconds corresponds to the time at which the 
hammer stops. However, the finite elements analysis is continued after this point to get the 
waves propagation through the slab which induces addition damage in concrete. 
In summary, it can be concluded that in the Slab 2 the initial cratering phase is much 
shorter compared to that occurring for the Slab 1 and it also yields to a much cleaner and 
sharper subsequent tunneling phase. 
 
Top Reinforcement 
Bottom Reinforcement 
Top Reinforcement 
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Lateral View 
   
Bottom View 
   
Time = 0.005 sec Time = 0.011 sec Time = 0.023 sec 
 
Lateral View 
   
Bottom View 
   
Time = 0.035 sec Time = 0.052 sec Time = 0.072 sec 
Figure 8.20  Progressive punch penetration through the reinforced concrete plate (Slab 2). 
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(a) 
 
(b) 
Figure 8.21  Comparison between numerical (right) and experimental (left) failure profiles for 
the Slab 2 case: (a) entrance crater and (b) exit crater (rear face scabbing). 
In Figure 8.21 the numerical results in terms of crack pattern, entrance and exit craters 
are compared with those obtained experimentally. The simulation can predict well the slab 
response and crack pattern.  
 
Figure 8.22  Comparison between numerical and experimental punch velocities (Slab 2). 
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As for the previous case, the entrance crater is well defined and no additional cracks are 
observed in the remaining slab area around it. On the other side, differently from the Slab 
1, the exit crater (the scabbed region) is much larger and almost all the bars of the bottom 
reinforcement layer, involved in the punching shear cone are completely exposed. As 
already pointed out for the previous impact case (Slab 1), also here the hammer remains 
stuck in the concrete slab. 
In Figure 8.22 the numerically monitored hammer velocity is compared with the 
experimental values. Unfortunately, the experimental history is not complete due to 
technical problems occurred during the data recording. Nevertheless, the initial punch 
velocity reduction could be correctly predicted. Also here, the numerical velocity matches 
well with the experimental one. The hammer velocity history shows strong local 
oscillations in correspondence with the time step in which the hammer hits the steel 
reinforcement. First peak, at approximately 0.008 seconds corresponds to the impact  
 
(a) 
 
(b) 
Figure 8.23  Nodal numerically calculated vertical displacements of the bottom slab surface 
(Slab 2): (a) on yz and (b) on xz sections. 
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against the first layer, second and third oscillations at 0.022 and 0.026 seconds, when the 
first layer is cut along the xz and then along the yz plane. At fourth oscillation, after around 
0.35 seconds, the bottom reinforcement is impacted. After the forth oscillation the slope of 
the curve change and the punch velocity starts linearly to decrease. This is due to the effect 
of the bottom reinforcement layer which prevents the hammer progression until stopping 
it. 
The amount of the scabbed region at the bottom slab surface can be estimated from the 
vertical displacement profiles shown in Figure 8.23 along the x and y directions. 
Comparing the profile with those obtained for the Slab 1 (Figure 8.11), it can be noted that 
the area involved in the penetration (the damaged area) is much more extended in the Slab 
2 than in the Slab 1. Even if the maximum vertical displacements are very similar (about 
50 mm for the Slab 1 and 55 mm for the Slab 2), the area interested from the penetration is 
in the second case almost two times larger along both x and y directions. This is partially 
due to the smaller thickness of the slab and partially to the fact that the impact surface was 
thermally loaded. 
 
8.1.4 Numerical results and comparison: Slab 6 
Differently from the previous analyzed cases (Slab 1 and Slab 2), in the experiment on 
Slab 6 only impact loading is performed in the center of the slab, without prior fire 
exposure. The numerical simulation is therefore performed directly using FE code CIF 
giving to the hammer an initial impact velocity. 
 
8.1.4.1 Dynamic FE analysis 
Slab 6 was tested under the same impact conditions already applied to the Slab 2; i.e. 
hammer weight of 588 kg and drop height of 3 meters leading to an initial impact velocity 
of 7.67 m/s. Consequently, the here exposed case can be directly compared with the 
previous one to obtain information related to the effects of the fire exposure prior to 
impact loading on the slab response.  
Figures 8.24a, b show the predicted failure mode. As can be seen, the penetration in the 
RC slab shows cutting of the first reinforcement layer with the punch remaining blocked 
before impacting against the bottom one. Comparing the two failure modes obtained for 
the same slab geometry, with and without thermal exposure before the impact loading 
(Slab 2 and Slab 6), it can be noted that the two RC structures behave in a completely 
different way. In particular, from the analysis of the two concrete crater profiles shown in 
Figures 8.19a and 8.25a, it is clear that the amount of damaged concrete and the cracks 
extension is much larger in the slab previously exposed to fire. As expected, the fire 
exposure yields to a material damage and reduction of penetration capacity of the slab. 
The progression of the hammer penetration into the RC slab is shown in Figure 8.26. 
These results can be directly compared with those obtained for the Slab 2 shown in Figure 
8.20. Already from the early penetration stages, before that the hammer impact against the  
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(a) 
 
(b) 
Figure 8.24  Numerical damage distribution at the end of the punch penetration: (a) lateral and 
(b) bottom view (Slab 6). 
first reinforcement layer, it can be noted that for the Slab 6 (Figure 8.26) a part of concrete 
remains stuck between the hammer and the reinforcement and only after few milliseconds 
(approximately 60 ms) the concrete elements are removed since they reach the maximum 
principal strain defined by the deletion criteria. Differently, in the Slab 2 (Figure 8.20), 
this concrete cover was removed already at the beginning of the analysis, after only 8 ms. 
This difference is linked with the fire exposure of the slab. The concrete elements at the 
top slab surface were already strongly damaged after the thermal analysis. Same 
conclusions can be drawn out from the analysis of the following penetration steps. At 
0.050 second, the Slab 2 was already in the last penetration phase, i.e. scabbing face, while 
at the same simulation time, in the Slab 6, the punch has just cut the first reinforcement 
layer perforating only a half of the slab section. The same can be nicely seen from the plot 
of the comparison of the two hammer velocity histories (Figure 8.27). The initial slope, 
corresponding to the punch velocity degradation, is much steeper in the Slab 6 (only  
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(a) 
Plane 
yz 
 
 
 
Plane 
xz 
 
(b) 
Figure 8.25  (a) Crater profile at the end of the impact analysis and (b) reinforcement deformation 
along YZ and XZ planes (Slab 6). 
 
impact). The punch velocity decreases much faster because the concrete material 
properties have not been affected by the thermal exposure and the concrete bulk resist 
strongly to the hammer penetration. Opposite behaviour is obtained from velocity profile 
of Slab 2 (fire + impact) that can be mainly schematized in four different slopes: (i) an 
initial lower velocity decrease (compared to that obtained for the Slab 6) till about 0.08 
seconds, (ii) a following increase related to the impact against the first reinforcement 
layer, (iii) again a less steep slope corresponding to the concrete penetration and (iv) a 
very steep last slope when the punch meets the bottom reinforcement layer.  
Unfortunately, no experimental data for the punch velocity history are available for the 
Slab 6. 
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Lateral View 
   
Bottom View 
   
Time = 0.0085 sec Time = 0.0138 sec Time = 0.023 sec 
 
Lateral View 
   
Bottom View 
   
Time = 0.057 sec Time = 0.082 sec Time = 0.10 sec 
Figure 8.26  Progressive punch penetration through the reinforced concrete plate (Slab 6). 
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Figure 8.27 Comparison between numerical punch velocities obtained from the analysis with and 
without fire exposure (Slab 2 and Slab 6). 
 
 
(a) 
 
(b) 
Figure 8.28  Comparison between numerical (right) and experimental (left) failure profiles for 
the Slab 1: (a) entrance crater and (b) lateral view. 
 
8. Numerical FE studies of thermally damaged RC structures 
  
 
186 
 
The comparison between experimentally and numerically obtained entrance and exit 
craters is shown in Figures 8.28a, b. From the experimental point of view, the slab failure 
is accompanied by the scabbing of the bottom slab surface. On the contrary, the results of 
the analysis show a partial slab penetration, as in the experiment, however no significant 
scabbing. To further check the entity of damage accumulated during the penetration, 
similar as for the Slab 1 (Figure 8.12), the results are shown in terms of crack widths and 
compared with those obtained for the Slab 2 (Figures 8.29a, b). The maximum criterion in 
red, is fixed to a crack width of 0.8 mm that already corresponds to a relatively large crack 
opening. As can be noted, even if the cracked elements at the bottom slab surface were not 
deleted, they are characterized by extensive damage with radial and circumferential cracks 
propagating from the impacted point. In Figure 8.29b the same results are shown for the 
fire exposed case. As can be noted, the entity of the cracked and scabbed area on the 
bottom slab surface is more extended. Starting from the main punching shear several 
minor cracks propagate from the centre to the boards through the concrete section. 
 
 
(a) 
 
(b)  
Figure 8.29  Numerically calculated cracks distribution at the end of the impact analysis for (a) 
Slab 6 and (b) Slab 2 (red criteria correspond to a crack width of  0.8 mm). 
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8.1.5 Conclusions 
Numerical simulations of the experimentally tested slabs are presented and discussed in 
order to verify and validate the employed thermo-mechanical constitutive law for 
concrete. On the base of the tests experience, two geometries under different thermal and 
impact loading conditions have been studied. To test the prediction capabilities of the FE 
codes under combined thermo-dynamic action, the results obtained from the numerical 
simulation are compared with those obtained experimentally, in terms of temperature 
distribution, thermal damage, hammer velocity histories, cracks propagation, damage 
accumulation and deformation of reinforcement.  
The numerical results confirmed the experimental evidences, highlighting the strong 
damage effect of fire exposure on reinforced concrete slabs. It is demonstrated that the 
used codes can realistically predict the experimental results, and that they are a powerful 
tool for the estimation of the real structural capacity after fire exposure. 
In Figure 8.30 the comparison between the three RC slabs in terms of punch velocity 
histories is shown. The velocity degradation is normalized for each case with respect to the 
initial impact velocity. The plot is useful to understand the effect of fire exposure on the 
slab response (Slab 2 and Slab 6).  
 
Figure 8.30  Comparison between the three analyzed cases in terms of numerically calculated 
punch velocity reduction (%) histories. 
Comparing the results of the two analyses performed for the same geometry (150 mm) 
with and without fire, it can be noted that in case of no fire exposure (Slab 6, black curve), 
after approximately 0.015 seconds the hammer velocity exhibits a reduction of 65% of its 
initial value, while for the slab with fire exposure (Slab 2, orange curve), at the same time 
a reduction of the 40% is observed. Moreover, the tunnelling phase, corresponding to the 
hammer penetration into the concrete (between the top and bottom reinforcement layers), 
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is much shorter for the Slab 2. The concrete is weaker and the punch can penetrate much 
easier. After this point the velocity degradation is much faster and steeper, since the steel, 
in residual conditions, is not affected from the thermal exposure and it progressively stops 
the punch penetration after approximately 0.072 seconds (total analysis duration). 
On the other hand, the Slab 6 exhibits a very fast and steep initial velocity decrease till 
about 0.02 seconds, followed by a quite smooth profile in correspondence of the tunnelling 
phase. This behaviour is due to the higher concrete strength (compared to the fire exposed 
case) leading to a much longer and gradual tunnelling phase (from 0.023 to 0.10 seconds) 
that ends up at approximately 0.10 seconds (total analysis duration). 
The behaviour observed for Slab 2 can be located between the two above discussed. 
The initial slope, the tunnelling behaviour and duration as well, exhibit an average trend 
with higher magnitudes compared to Slab 2, but lower to Slab 6. Same behaviour is 
observed in the tunnelling phase which takes place between 0.030 and 0.055 seconds. The 
reason for this kind of “average trend” can be addressed to the fact that for this impact 
case the thermal exposure was provided at the bottom slab surface, while the impact on the 
top. Moreover, the thickness of the slab is larger than in other two cases. These conditions 
lead to a not complete heating of the slab, as shown in Figure 8.6, with the top half slab 
section exposed to a low temperature rise. Therefore, the thermal damage and the material 
degradation are lower than for the Slab 2. 
It is also interesting to note that the initial cratering phase is not influenced by the 
thermal loading and for the same bar diameter (Slab 2 and Slab 6), it ends up at around 
0.023 seconds with the cutting of the top reinforcement layer. The phenomenon was 
expected since steel has the capacity to restore its initial material properties after the fire 
exposure if allowed to complete cool down before the load application. In case of Slab 1 
the cratering duration is slightly longer (0.033 seconds), because the steel diameter is 
larger (10 mm instead of 8 mm) and it needs more time to be cut. 
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8.2 Reinforced Concrete Frame 
Similar as for RC slabs, 3D finite element simulations have been carried out to study 
the behavior of the tested RC frame (section 4.1.2) under coupled fire and dynamic 
loading. The complete analysis (thermal and dynamic) was carried out employing the FE 
code MASA. 
 
(a) (b) 
 
(c) (d) 
Figure 8.31  3D numerical model of the analyzed reinforced concrete frame: (a) global model, (b) 
internal reinforcement, (c) detail of the impact zone and (d) detail of the reinforcement 
distribution. 
 
8.2.1 Numerical model and material properties 
Two 3D finite element discretizations are involved in the performed numerical 
analyses: the reinforced concrete frame and the steel loading plate employed to simulate 
the application of dynamic load (pendulum impact). 
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In Figure 8.31 are shown the finite element discretizations of the both bodies. 
Additional details of the steel reinforcement mesh and of the impact region are also 
provided. The concrete frame has been modeled with 4-nodes finite elements 
characterized by a minimum mesh size of approximately 10-13 mm. Minimum elements 
size is taken in the zones were the maximum damage concentration is expected, i.e. beam-
column connection, impacted region and roof beam. For the remaining structural elements, 
e.g. foundation, coarser mesh of approximately 20-25 mm is employed. Both longitudinal 
reinforcement and stirrups have been discretized employing 3D tetrahedral solid elements 
with elements size of 8 mm.  
In the analysis, full connection between steel and concrete was assumed, i.e. perfect 
bond. Moreover, in order to account for the fact that the connection between stirrups and 
main reinforcement in the real structure is not stiff, the stirrups connection elements to 
main reinforcement are assumed to have reduced stiffness (Figure 8.32). 
To simulate the impact behaviour avoiding damage localization and concrete failure 
due to the application of the dynamic load directly on the concrete surface, a loading steel 
plate has been modelled (Figures 8.31a, c). The plate dimension (1500 x 250 mm) is 
defined on the base of the real impacting pendulum area from the impact test. It was 
discretized with four rows of 8-node finite elements. Moreover, between the concrete and 
the steel plate surfaces, 1D bar elements of 1 mm length are employed to connect the 
nodes laying on both surfaces. This element type has been used to simulate the real 
phenomenon which takes place during the pendulum impact. The impact is characterized 
by an initial stage in which the load is transferred from the pendulum to the frame, 
followed by a second stage in which the pendulum, rebounding against the RC structure, 
comes back. In the meantime, the frame continues to oscillate. Namely, the 1D bar 
elements can transfer only compression load between the two connected bodies and not 
the tension one. 
 
Figure 8.32 Connection between longitudinal reinforcement and stirrups: comparison real 
structure-3D FE numerical model. 
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Figure 8.33  Location of the applied loading displacement: all nodes laying on the dotted line. 
Both static and dynamic loadings are applied in terms of displacement control, i.e. a 
row of nodes on the steel loading plate, in the middle of the beam height, is displacement 
controlled (refer to Figure 8.33). 
 
 
Figure 8.34  Half of the whole model with corresponding applied constraints. 
To reduce computational time, thermal and impact analyses are performed on the 
symmetric half of the frame (Figure 8.34). Symmetry constraints have been applied at all 
Symmetry plane Uy = 0 
Ux, Uy, Uz = 0 
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the nodes on the middle frame section (red plane in Figure 8.34). Moreover, all the nodes 
on the bottom foundation surface (yellow plane in Figure 8.34) have been fully restrained. 
RC slab, columns and beams have been modelled assuming nonlinear concrete 
behaviour. For the foundation elements (plinths and strap beams) linear elastic behaviour 
is assumed. Longitudinal reinforcement and stirrups were modelled assuming nonlinear 
steel behaviour with yielding stress limit of 480 MPa and strength of 550 MPa. The 
loading plate is taken as linear elastic (specific weight γs = 7800 kg/m
3
, Young´s modulus 
Es = 210 GPa and Poisson´s ratio νs = 0.33).  The nonlinear material properties employed 
in the RC frame analyses are listed in Table 8.3. Concrete and steel thermal properties are 
the same as used in the thermal analyses of the slabs and are listed in Table 8.2. Note that 
the loading plate was active only in the dynamic analysis, i.e. in thermal analysis only the 
frame was exposed to heat. 
 Concrete 
Reinforcement 
steel 
ρ (kg/m3) 2400 7800 
E (MPa) 26300 210000 
fc (MPa) 18.20 - 
ft (MPa) 1.40 - 
GF (N/m) 46.00 - 
n (-) 0.18 0.33 
fy (MPa) - 480.00 
fu (MPa) - 550.00 
Table 8.3 Material properties employed in the FE reinforced concrete frame analyses for concrete 
and reinforcement steel. 
 
8.2.2 Numerical results 
To simulate the testing conditions applied during the experiments, in the first stage the 
RC frame is subjected to thermal load described in terms of temperature-time profile, the 
same as in the tests.  Afterwards, once the frame has completely cooled down, impact load 
is applied to test the frame dynamic residual capacity.  
To further test the RC frame behaviour and to compare with the results of the dynamic 
simulation, additional static analyses have been performed on the same model. 
Furthermore, additional dynamic and static analyses have been carried out to verify the 
RC frame response in hot condition state, i.e. applying the load immediately after the 
heating phase. 
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8.2.2.1 Thermal FE analysis 
In the frame simulations, the same loading conditions as in the experiments were 
performed. As in the experiments, the frame was exposed to standard fire applying the 
ISO834 design exposure curve followed for 60 minutes and reaching maximum air 
temperature of about 950 °C. Afterwards, the structure was cooled down following the 
cooling rate of 500 °C/hour and then kept to room temperature (20 °C) for several hours to 
allow the complete cooling. In Figures 8.35a, b are shown the FE model surfaces subjected 
to the heat exposure. The numerically applied temperature-time profile based on the three 
different exposure phases (heating (H), cooling (C) and constant temperature (CT)) are 
compared with the temperature profile measured from the oven thermocouples in the 
experimental tests. 
  
(a) (b) 
Figure 8.35  Numerical thermal conditions: (a) exposed surfaces and (b) applied temperature-
time curve (comparison with the profiles experimentally obtained). 
In Figure 8.36 are shown the temperature distributions of the RC frame at different time 
steps. In the figure, red criterion corresponds to a maximum temperature level of 800 °C. 
The numerical and experimental results are compared in terms of temperature distributions 
inside the structure for two typical sections shown in Figures 8.37a, c: one column (550 
mm from the top slab surface) and one beam cross section (middle beam section). At these 
two locations, several thermocouples have been installed at different positions as plotted in 
Figures 8.36b, d, to monitor the heat transfer. At the end of the thermal analysis, the nodal 
temperature corresponding to the thermocouple locations have been exported and 
compared. These results are shown in Figures 8.38b and 8.39b, respectively, for the beam 
and column section. Moreover, in Figures 8.38a and 8.39a, the calculated temperature 
propagation throughout the cross sections are plotted at different steps. For the 
temperature criteria, refer to Figure 8.36. 
As expected, the heat starts to propagate from the exposed surfaces and it slowly 
penetrates inside the member section. After 30 minutes of heating, the exposed beam 
surfaces reach values of 450 °C, while the not exposed top slab surface still remains at  
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Figure 8.36 Heat transfer during the transient thermal analysis: numerical calculated temperature 
transfer at different thermal loading stages (heating, cooling and constant room temperature), 
Frame 1. 
T = 30 min T = 60 min 
T = 75 min T = 180 min 
T = 230 min T = 780 min 
End of heating stage 
End of cooling stage 
End of constant temperature stage 
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approximately room temperature. At the end of the heating phase (60 minutes), beam 
corners reach 800 °C and also the whole slab section undergoes high exposure level 
achieving approximately 200°C. As already observed for the RC slabs thermal exposure 
(sections 8.1.2.1 and 8.1.3.1), the heat continues to transfer inside the concrete sections 
even during the cooling phase (time = 75 minutes), leading to a slow temperature decrease 
on the slab edges and to a rise inside the beam. At the end of the cooling branch (180 
minutes), the external concrete surfaces still sustain temperature of 250 °C, while the 
internal part and the slab top surface arrive at about 350-400 °C. Even after one hour of 
external air temperature of 20 °C the beam section exhibits almost unchanged temperature, 
with a slight small temperature decrease only in vicinity of the corners. In the performed 
numerical thermal analysis, the complete cooling of the structure is observed after several 
 
 
(a) (b) 
 
 
(c) (d) 
Figure 8.37 Column and beam sections employed to compare numerical and experimental 
temperature profiles: (a), (c) respectively beam and column location and (b) and (d) exact 
positions of the monitored thermocouples. 
Section I 
Section II 
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hours, while in the experimental tests, the thermocouples measurements were interrupted 
after 5 recording hours. 
Same considerations done for the beam Section I can be observed for the column 
Section II. As can be seen in Figure 8.39a, after 30 minutes of heating almost the whole 
column cross section already shows temperature level of at least 200 °C. Only a small 
concrete section corresponding to the column core has lower temperatures. Comparing the 
column and the beam sections at the same time, it can be noted that the temperature rise in 
the column is faster than that in the beam. This is related to the fire exposure conditions, 
i.e. the column is exposed on all its four external sides while the top slab surface was 
isolated. Furthermore, checking the column temperature levels at 60 and 75 minutes, it can 
be noted that one corner exhibit higher level and faster heat propagation. It corresponds to 
the internal corner and this type of asymmetric behaviour is related to the fact that its 
temperature level is also influenced from the heat coming from both faces of the heated 
structure. 
Time = 30 min Time = 60 min Time = 75 min Time = 180 min Time = 230 
min 
     
(a) 
 
(b) 
Figure 8.38 Numerically calculated thermal profiles for the beam Section I: (a) heat distribution 
at different time steps and (b) comparison between numerical and experimental curves. 
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Time = 30 min Time = 60 min Time = 75 min Time = 180 min Time = 230 min 
     
(a) 
 
(b) 
Figure 8.39 Numerically calculated thermal profiles for the column Section II: (a) heat 
distribution at different time steps and (b)comparison between numerical and experimental curves. 
The damage at the end of the whole thermal analysis (heating + cooling + constant 
temperature) is shown in terms of crack distribution in Figure 8.40. The numerically 
predicted crack pattern (Figure 8.40a) is compared with that observed during the 
experimental tests (Figure 8.40b) for two structural details: the column-beam external joint 
and the columns. In the numerical results, in red is shown a damage criterion 
corresponding to a crack width of approximately 0.30 mm. The largest damage is located 
in the column corners. These concrete regions were subjected to the strongest exposure 
conditions characterized by the highest temperature levels and two sides heat exposure. 
Additional damage is located overall the column length with some localized cracks in 
correspondence of the stirrups location (different concrete-steel thermal expansion). 
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(a) 
     
(b) 
Figure 8.40 Damage accumulation at the end of the thermal exposure; comparison between (a) 
numerical and (b) experimental crack pattern for beam-column joints (left) and columns (right); 
red criterion corresponds to a crack opening of 0.30 mm. 
8.2.2.2 Static FE analysis 
Before proceeding with the discussion of the impact analysis performed to verify the 
results obtained from the experimental test (Section 8.2.2.3), the results of the static finite 
element analyses carried out to get reference values that can be compared with the results 
of the dynamic analyses are presented. 
Three different static analyses are performed for: (i) undamaged condition, (ii) residual 
thermal condition and (iii) hot thermal condition. In the first analysis, the load is applied 
on the undamaged frame. In the second one, the previous described thermal finite element 
analysis (Section 8.2.2.1) has been firstly performed applying all three thermal stages and 
then static analysis is carried out. Finally, in the hot state, the analysis is carried out 
immediately after the fire exposure, i.e. the structure was not cooled down before the load 
application. 
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In all simulations reaction from the fixed nodes on the frame foundations are monitored 
and plotted for all the three analysed cases in terms of reaction-displacement responses, as 
shown in Figure 8.41. The here plotted displacements correspond to the horizontal 
movement of one loaded node at the external steel plate surface. From the comparison of 
the three curves, it is evident that the frame behaviour is strongly influenced by the 
thermal exposure. The displacement controlled analysis carried out on the undamaged 
structure exhibits a maximum reaction peak of approximately 35 kN at displacement of 
125 mm. However, when the same analysis is performed on the already damaged 
structure, lower peaks are obtained, with loading capacity degradation of 33%, if the load 
is applied for the hot state. Furthermore, strong changes in the structural global stiffness 
 
Figure 8.41 Comparison between the obtained reaction-displacement curves for the three 
performed static analyses: undamaged, residual state and hot state. 
can be observed analysing the initial slope of the load-displacement curve.  
To understand the behaviour of the RC frame under the three exposed loading 
conditions, it is important to note that reinforced concrete structures essentially consist of 
two different materials, steel and concrete, which behave in a complete different way 
when exposed to high temperature. The change of the initial structural stiffness is mainly 
controlled by the damage of concrete, i.e. degradation of concrete properties. On the other 
hand, the peak resistance, i.e. the change of the frame loading carrying capacity, is 
essentially governed by the reinforcement. The lowest initial stiffness is obtained under 
residual conditions, while the lowest load capacity is observed for hot conditions. In case 
of residual conditions, during the cooling and constant temperature phases, the steel 
reinforcement restores almost completely its initial stiffness and strength, leading to a 
resistance that is almost the same as in the undamaged case. However, the accumulation of 
damage in concrete due to the thermal load causes degradation of the global stiffness. In 
hot condition, instead, the resistance is much lower since also the steel is affected from the 
temperature exposure. In these conditions, concrete shows damage and cracking  
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(a) (b) 
 
(c) 
Figure 8.42 Crack pattern at the end of the static analysys (approximately 170 mm displacement) 
for the three analyzed cases: (a) undamaged, (b) residual state and (c) hot state (red criteria 
correspond to a critical crack opening of 1.2 mm).  
phenomena, which are less severe as in the residual state case. Consequently, the initial 
stiffness is slightly higher compared to the hot state.  
In Figure 8.42, the numerically predicted failure modes at the end of the static analysis 
are shown for the three different analysed cases. The cracks plotted in red are 
characterized by a crack width of approximately 1.2 mm.  As can be seen, the different 
load-displacement curves are related with slightly different crack patterns and damage. 
The progression in crack propagation and frame failure is shown in Figure 8.43 (for 
cracking criteria refer to Figure 8.42).   
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Pre-peak step (100 mm displacement) 
Undamaged Residual State Hot state 
  
 
   
 
Post-peak step (170 mm displacement) 
Undamaged Residual State Hot state 
   
   
Figure 8.43  Comparison between the three analyzed cases in terms of crack propagation (front 
and back view) for two different displacement levels: pre-peak 100 mm and post-peak 170 mm. 
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Two different steps of the static analyses, pre-peak step corresponding to a monitored 
displacement of approximately 100 mm (top of the figure) and post-peak step 
corresponding to 170 mm displacement (bottom of the figure), 
are compared for the cases. The lateral and back views of the frames are also provided to 
get a better understanding of the crack propagation in the joint regions and along the 
columns. As can be observed, for all the analysed cases the cracks localize in the same 
regions corresponding to the internal and external sides of the beams-column connections 
and along the columns bases. In the first case, well defined and spaced cracks develop first 
in the beam-column connections and then near the foundation. Moreover, the cracks are 
characterized by a more extended width compared to those calculated in the other cases. 
The failure of the frame is almost symmetric with very similar damage accumulation on 
the both columns. Additional damage with smaller widths (in yellow and dark grey in the 
figure) can be seen overall the columns length and on the top slab surface as well.  
In the residual state, the damage is much more smeared over the whole frame and not 
so strongly localized as in the previous case. In particular, already in the pre-peak step, a 
large amount of deformation can be seen on all beams, column and at the top and bottom 
of the slab surfaces. These cracks are not exclusively provoked by the application of the 
load, but rather they come from the fire exposure and subsequent cooling phase which 
leads to strong thermally induced damage of concrete. The previous thermal exposure 
provokes not uniform material state inside the RC frame, i.e. due to the thermal gradients, 
the concrete degradation is not uniformly distributed inside the structure.  
It is also interesting to note that in case of undamaged structure, the failure of the main 
longitudinal reinforcement of the beam-column connection, takes place for the both 
columns almost at the same displacement step. On the other hand, in the residual state, the 
reinforcement yields first in one column and afterwards in the other. This difference in 
behaviour, which can be related to the effects of the previous fire exposure, can be found 
out also analysing the reaction-displacement curve shown in Figure 8.41. The curve of the 
undamaged frame exhibits a sudden drop of the load after the peak. In the residual 
analysis, instead, the load decrease is gradual and two distinguished lower peaks, 
corresponding to the progressive steel failure, can be observed. Generally, due to the fire 
exposure, the response of the frame is more ductile than in the case of undamaged frame. 
The hot state analysis provides an intermediate behaviour between the previous two 
cases. Due to the fire exposure structure is damaged, however, since the thermal exposure 
is limited to the heating phase, the damage of concrete is lower and less smeared 
compared to the residual state. As can be noted, thinner small cracks are evident all around 
the columns perimeter on the entire length. The same as in the residual case, the crack 
propagation is not symmetric and progressive failure of reinforcements inside the columns 
is observed as well. However, in this case lower resistance and smaller ultimate 
displacements are obtained due to the strong reduction of mechanical properties of steel at 
high temperature (hot state). Unfortunately, no static tests have been programmed on the 
RC frame, hence the above results cannot be compared with experimental evidences. 
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8.2.2.3 Dynamic FE analysis 
Similarly to the static case, three simulations have been performed to investigate the RC 
frame behaviour under dynamic action taking into consideration different possible prior 
thermal exposure conditions. In particular, the structure has been analyzed: (i) under 
impact action in undamaged condition, (ii) impact action in residual condition and (iii) 
impact action in hot condition.  
The impact load has been obtained from the evaluation of the pendulum acceleration 
history measured in the impact experiments with the help of the high speed camera (Figure 
8.44a). From the double integration of the monitored accelerations, displacement history is 
calculated (Figure 8.44b) and numerically applied on the nodes located on the external 
surface of the steel loading plate (Figure 8.33).  
  
(a) (b) 
Figure 8.44  Determination of the impact load from experimental measurement: (a) recorded 
penduluma acceleration and (b) obtained pendulum displacement history. 
 
  
(a) (b) 
Figure 8.45  Comparison between the obtained (a) reaction-displacement and (b) reaction-time 
curves for the three performed dynamic analyses: undamaged, residual state and hot state. 
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In the simulations, the displacement history has been discretized in terms of five 
different slopes defined to match the experimental profile (blue curve in Figure 8.44b). 
The first three slopes characterize the impact phase in which the pendulum impacts the 
frame beam pushing the whole structure, while the last two slopes describe the rebound of 
the pendulum after the impact. As in the static simulations, the reactions are monitored on 
the fixed nodes of the bottom foundation surface (yellow plane in Figure 8.34) and 
displacement on one loaded point of the steel loading plate. 
Figure 8.45 shows the numerical results in terms of reaction displacement and reaction 
time curves for each analysed case. The curves exhibit approximately the same trends as in 
the static analysis with initial structural stiffness and maximum reaction peaks dependent 
on the thermal exposure. As for the static analysis (Section 8.2.2.2) the highest reduction 
of the monitored reaction peak is achieved in case of hot condition. The lowest initial 
stiffness is obtained for residual state due to the higher damage of concrete. At 
approximately 0.15 seconds the pendulum rebounds against the RC frame coming back to 
its initial position. At this point of the analyses, strong damage has already occurred in the 
structure, which exhibits several fully opened cracks 
 Maximum Reaction Peak (kN) 
 Static Dynamic 
Undamaged 33.83 49.62 
Residual state 32.01 31.79 
Hot state 23.05 29.43 
Table 8.4 Comparison between static and dynamic analyses for the three different thermal 
exposures in terms of numerically calculated maximum reaction peaks. 
In Table 8.4 the reaction peaks obtained from the static and dynamic simulations are 
resumed for the three cases. As can be noted, in both static and dynamic sets of analyses, 
the same trend is observed, with a progressive peak decrease as the thermal exposures 
become more severe. As expected, the dynamic peaks are much higher compared with 
those obtained in the static analyses, because inertia effects are also included in them. It is 
important to note that increase of resistance (in terms of reaction) is not related to concrete 
strength increase, but rather it is a consequence of the inertia effects that develops inside 
the structure when dynamic analysis is performed. Namely, the concrete resistance 
consists by two distinguished contributions: (i) the first corresponds to the true material 
strength, which is approximately a linear function of the strain rate and it is controlled by 
the rate dependent constitutive law, (ii) the second is the effect of inertia which comes 
from different sources, i.e. structural inertia, hardening and softening of the material and 
cracking (Ožbolt et al., 2014). 
Nevertheless, comparing the peak loads from dynamic analyses, it can be noted that the 
resistance increase is very high only in the case in which the structure is not affected by 
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prior thermal damage. However, for the other two cases (residual and hot state), the 
difference is quite low. These considerations confirm the results discussed in Section 7 in 
case of concrete compact tension specimen firstly exposed to high temperature and then 
loaded at different loading rates. In particular, with the increase of thermally induced 
damage, the concrete rate sensitivity effect gets lower, since the material becomes more 
brittle and less rate sensitive.  
 
Figure 8.46  Comparison between static and dynamic numerical calculated rection displacement 
curves for the three analyzed cases: undamaged, residual and hot state. 
In Figure 8.46 the two sets of load-displacement curves (static and dynamic) are 
compared. As can be seen, dynamic peaks and initial stiffnesses are much higher 
compared to the static one; however, the monitored frame displacements are much lower 
in the dynamic cases. Same conclusions can be drawn out observing the comparison 
between numerically predicted and experimentally measured horizontal displacement at 
different points of the external frame surface plotted, in Figure 8.47 (for the exact location, 
please refer to Figure 4.34). The underestimation of horizontal displacements is probably  
  
Figure 8.47 Comparison between experimental and numerical horizontal displacement at different 
frame locations (refer to Figure 4.34). 
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Analysis Time = 0.055 seconds 
Undamaged Residual State Hot state 
   
   
 
Analysis Time = 0.165 seconds 
Undamaged Residual State Hot state 
   
   
Figure 8.48  Comparison between the three analyzed cases in terms of crack propagation (front 
and back view) for two different analysis steps: after 0.055 and 0.165 seconds. 
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because the input displacement obtained from the acceleration are underestimated. The 
reason could be some nonlinear effects in the contact zone between the loading plate and 
the frame which are not accounted for. 
Figure 8.48 shows the comparison of the obtained crack patterns for the three studied 
cases under dynamic (impact) loading. The results are plotted for two different steps of the 
analysis, at 0.055 seconds (upper part of the figure) and at 0.165 seconds (bottom part), 
corresponding to the beginning of the pendulum rebounding phase. The cracking criteria 
are the same as given in Figure 8.49, in which the maximum crack opening (in red) 
corresponds to approximately 13.0 mm. As can be noted, the damaged zones, in which the 
cracks localize, are slightly different to those obtained in case of static analyses (Figure 
8.43). A strong deformation is always observed in the beam-column joints, but the crack 
location is different. In particular, in the static analyses, horizontal joint cracks develop 
across the column section starting from the columns surfaces located opposite to the 
impacted frame side. These cracks propagate through the column cross section and are 
related to the natural frame deformation, which provokes a progressive opening of the 
beam-column corner in the direction of the applied displacement. In the dynamic analyses, 
instead, the damage always accumulates in the same region, but the major cracks develop 
in vertical direction, along the external surface of the column without interacting with the 
column cross section. They can rather be described, as a kind of columns surface scabbing 
induced by the high energy and impact force release during the pendulum impact. In case 
of previous fire exposure, a huge number of cracks and damage is located in the impacted 
region. Moreover, additional cracks are also visible on external corner of the not impacted 
column. Comparing the results of the two exposed cases, hot and residual conditions, 
similar crack patterns can be observed in the same zones, however, in the residual state the 
amount of damage is much higher, especially in the impacted zone where the reduced 
concrete properties and the thermal deformations developed during the heating and 
cooling phases play an important role.  
The dynamic failure modes obtained for all the three studied cases, globally exhibit a 
much stronger and more severe damage which is mainly localized at the top part of the RC 
frame. This is particularly true for the residual and hot state conditions, where the 
degradation of concrete properties due to high temperature is so severe that the damage 
propagation shows a quite clear cut of the upper frame of the frame. 
In Figure 8.49 the numerical calculated crack pattern obtained for the residual state is 
compared with that experimentally observed. Having on mind the complexity of the 
analysis, the agreement between experimental and numerical results is good. Nevertheless, 
the numerical obtained crack opening and crack development are in some elements (beam-
column corner C4 and internal beam column connection C1) slightly underestimated. This 
can be attributed to the too low level of numerically applied horizontal displacement 
history as previously discussed. 
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8.2.3 Conclusions 
The 3D FE numerical simulations are carried out to investigate the behaviour of RC 
frame under coupled thermal and impact loading. The analyses of the RC frame are 
performed using the FE code MASA. First, thermal load (heating, cooling and constant 
temperature phase) and subsequently impact load are applied. The results are then  
  
(a) 
   
   
(b) 
Figure 8.49  Numerical results for the residual case analysis: (a) cracks propagation and (b) 
comparison with the experimental test (red criteria corresponds to a crack width of 1.3 cm). 
C1 
C4 Impact 
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compared with experimental evidences. To further investigate the behaviour of frame RC 
structure, additional sets of static analyses have been carried out for different thermal 
conditions (undamaged, residual state and hot state). 
The simulations have shown that the thermal exposure has a fundamental role in the 
subsequent structural response for both static and dynamic loadings. Maximum load 
capacity, initial structural stiffness, failure mode and crack propagation are strongly 
influenced by the applied fire exposure in terms of maximum temperature level and 
application of only heating or also cooling phases. In particular, from the numerical 
comparison between maximum reaction achieved during the static and dynamic sets of 
analyses, it has been shown that the concrete rate sensitivity is strongly affected from the 
thermally induced damage. It decreases with the increase of thermally induced damage. 
The comparison between numerical and experimental results for the tested RC frame in 
residual state is reasonably good. The crack distribution, crack width and global failure 
match well with those experimentally observed. However, from the comparison of the 
predicted and measured load-displacement curves of the dynamically loaded frame, it is 
obvious that displacements are too small. The reason is most probably due to the 
underestimated given displacement history of the frame. 
Finally, it is demonstrated that for static loading conditions the critical thermal loading 
is due to the hot state since, for this case, the resistance of reinforcement is strongly 
reduced. 
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9. CONCLUSIONS AND OUTLOOK 
 
In the present work the dynamic behaviour of thermally exposed concrete and 
reinforced concrete structures has been numerically and experimentally tested in order to 
investigate the influence of different levels of fire exposure on concrete response at high 
loading rates. 
Experimental investigations on plain concrete specimens and RC structures have been 
carried out. As first step, particular attention is devoted to understand the influence of the 
thermal exposure on the material rate sensitivity under tension load. Concrete compact 
tension specimens are tested under coupled thermal-dynamic loading. The specimens are 
heated at two levels of temperature (200 and 400 °C) and then loaded at different loading 
rates. Evaluation of reaction, failure mode, crack propagation velocity and strain time-
history are shown for each exposure condition. It is observed that fire exposure has a 
strong influence on the dynamic concrete behaviour. The same trend discussed for similar 
tests at room temperature (20 °C), characterized by a relative low resistance increase for 
lower loading rates followed by a progressive increase for higher loading rates (Ožbolt et 
al., 2013) was highlighted. Nevertheless, it is shown that the increase of resistance at high 
loading rate is strongly influenced by the temperature reached during the thermal 
exposure. In particular, with increase of the temperature, the increase of resistance due to 
the loading rate decreases. Similar conclusions can be drawn out analyzing the change of 
crack pattern and crack propagation velocity. This effect is attributed to the degradation of 
the mechanical properties of concrete at high temperature exposure, i.e. concrete becomes 
more brittle. 
The experimental results, presented in the framework of this study, provide more 
insight on the dynamic behaviour of thermally damaged concrete under the material point 
of view, highlighting the rate sensitivity influence at different exposure conditions. 
However, further work is necessary to extend and confirm the trend observed at 200 and 
400 °C of maximum temperature exposure. Additional tests at higher temperatures and 
loading rates are needed to improve and better clarify the discussed experimental 
evidences. 
Furthermore, experimental tests on full scale reinforced concrete structures (slabs and 
frames) were studied to investigate the structural response in terms of strength and 
deformation under extreme loading conditions. In the experimental program a total 
number of eight reinforced concrete structures, two RC frames and six RC slabs 
characterized by two thicknesses, are tested under different thermal and dynamic 
conditions. It is shown that the thermal exposure has a strong influence on the global 
structural response and load capacity, as well as on crack propagation and failure mode. It 
is typically observed that the damage is particularly pronounced on the concrete side, 
which exhibits severe material properties degradation, when the exposure temperature 
exceeds 200 °C. Therefore, an increase of residual strains and decrease of load capacity is 
noted at higher level of temperature (400 °C).  
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In the second part of the work, numerical analyses are carried out to validate and 
investigate the application of the thermo-mechanical model for concrete and reinforced 
concrete structures, under impact and fire. A first parametric study on concrete CTS at 
room temperature under quasi-static and dynamic loading is presented. The mesh 
independency of the numerical results, obtained with the rate sensitive thermo-mechanical 
microplane model based on the crack band method regularization, is demonstrated. 
Furthermore, additional two-step numerical analyses are performed to simulate the 
testing conditions examined in the experimental investigations. Initially, transient thermal 
analysis is carried out in order to numerically compute the temperature distribution. 
Afterwards, transient dynamic analysis is performed. The obtained numerical results are 
validated against experimental data. It is shown that the employed numerical model can 
realistically replicate the experimental behaviour under coupled thermal-dynamic loading, 
both in case of plain and reinforced concrete. 
Moreover, numerical and experimental results on compact tension specimen are in good 
agreement in terms of failure modes, reaction histories, strain rates and crack propagation 
velocities, for different loading rate. In particular, it is demonstrated that with the increase 
of temperature during the thermal exposure, concrete rate sensitivity becomes 
progressively lower exhibiting higher strain rates. Namely, with the rise of the 
temperature, due to the weakening of the bond region (between aggregates and cement 
paste), higher crack propagation velocities are observed.  
It can be concluded that higher temperature induces stronger concrete degradation, 
which in turns lead to brittle behaviour and less prominent material rate sensitivity. It is 
observed that, even though numerical and experimental results are in good agreement 
showing the same trend, the increase of reaction as a function of displacement rate is more 
pronounced in the numerical analyses. This is attributed to the fact that, in the used 
numerical model, fracture energy as a function of the temperature exposure is modelled on 
the basis of the results obtained by Zhang and Bicanic (2002). Here, the experimental 
evidences show an increase of the concrete fracture energy with the increase of the 
thermal exposure, up to approximately 600 °C. Nevertheless, in the experimental program 
carried out in the framework of this study, the thickness of the investigated CT specimen 
is relatively small (25 mm). This can have a strong influence on the thermally induced 
damage of the concrete specimen, which can possibly yield to a fracture energy which 
does not increase with the rise of the temperature. 
To properly estimate the influence of the fire exposure on the concrete fracture energy 
and to propose a reliable trend, which can realistically reproduce the concrete behaviour, 
fracture energy measurements on specimens characterized by similar concrete mixture and 
sizes have to be properly investigated. Therefore, further development is planned in the 
context of experimentally measuring and calibrating fracture energy under different 
thermal exposures. 
The numerical analyses performed on RC structures (slabs and frame) confirmed the 
strong influence of the thermal exposure conditions on the structural response for both 
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static and dynamic loadings. It is shown that failure mode, crack propagation, maximum 
load capacity, structural stiffness and rate sensitivity as well, are dependent on the 
exposure conditions (hot or residual state). Even though numerical results exhibited 
relatively good agreement with the trends observed in the experiments by means of 
thermal distributions, crack pattern and failure mode, it is observed that the numerically 
predicted reaction as a function of the horizontal displacement (frame analysis) are 
underestimated. The reason is attributed to the possibility of the underestimation of the 
applied displacement loading history due to nonlinear effects at the impact zone. 
Although the presented results are helpful for better understanding the RC structural 
response in case of extreme loadings, further work is needed to verify the material 
response under dynamic loading after thermal exposure, as well as the main influencing 
parameters. Moreover, additional experimental investigations (reference and hot state 
tests) are required to properly calibrate and validate the employed rate sensitive thermo-
mechanical model for concrete. 
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